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ABSTRACT
Enzymes are nature’s catalysts that can help industry, as they aid to making industrial processes and
relevant products such as those in food, agricultural, cosmetic, and pharmaceutical sectors, faster,
cleaner, safer, cheaper, and more sustainable. Their use contributes to solving global challenges such as
overpopulation, diminishing natural resources, pollution and human health challenges, which in turn
demands new enzymes with novel and/or improved properties, structures and activities. Finding new
enzymes for academic and industrial settings is a long and complex process, but due to extensive efforts
of the scientific community, this time frame has been significantly reduced: nowadays, it takes less than
three years to provide industry with new enzyme solutions. Most enzymes are isolated from microbes
and recent technological advances mean that it is relatively easy to produce new enzymes. The real
problem is that only a very small percentage of new enzymes are useful in industrial processes. This was
this Thesis’s challenge, to improve the value of new enzymes and to help understanding, predicting and
engineering their properties, to find candidates of interest for industry. First, this Thesis set out to find
new enzymes from phylogenetically diverse uncultured microbial communities as well as cultured
microbes, that develop in multiple environments, including some of the most extreme habitats on the
planet. This guarantees high enzymatic diversity and that the recovered enzymes may be already adapted
to work in multiple environmental conditions of pH, temperature, salinity, and nutrient diversity and
concentration, to cite some. Second, this Thesis focuses its attention on finding and improving the value
of new enzymes for industry, by targeting so-called “substrate promiscuous” enzymes, that are capable
of accepting many substrates and therefore are usable in more than one industrial process. By focusing
on serine ester-hydrolases and class III ω-transaminases, and by applying and designing a number of
screening tools and high throughput technologies, we have created one of the largest collection of such
enzymes in a laboratory, accounting for a total of 155 (145 and 10, respectively). By their extensive
characterization with circa 130 different substrates, the substrate specificity and selectivity of each
enzyme candidate was evaluated, and those with prominent features identified. With the help of crystal
structures and computational tools, markers of “substrate promiscuity” and selectivity were identified,
through which this Thesis was able to fast-track the identification of industrially versatile ester-hydrolases
and class III ω-transaminases; they have better properties, namely, higher and uncommon substrate
specificity and selectivity, compared to best commercial enzymes. Further, we demonstrated that it is
possible to transform a “substrate promiscuous” but non stereo-specific enzyme into a biocatalyst with
broad substrate range while showing chiral selectivity through supramolecular and protein engineering
tools. Major outcomes of the present Thesis include: I) the generation of robust meta-data demonstrating
that biodiversity in the environment provides an invaluable source of novel enzymes; II) the accumulation
of data demonstrating that “substrate promiscuous” enzymes accepting a wide range of different
substrates can be identified, and are more abundant than expected; III) the demonstration that the
“substrate promiscuity” level of certain classes of enzymes can be predicted from the analysis of their
sequence, 3D model and/or structure, without the need of previous cloning, expression and
characterization; IV) reinforcing the idea that broad substrate range is associated with low enantio-
selectivity, but that this can be solved by supramolecular engineering and by applying to an enzyme
flexibility constraints through different immobilization strategies; V) the demonstration that through
discovering novel binding sites where extra active sites can be introduced, it is possible to generate an








                
              
             
              
                  
               
              
                
              
               
                   
                
              
           
              
              
              
                 
                 
                
              
                
               
              
               
               
           
                
               
             
              
            
             
                 
               
                 
                  
                 
             
                 
             
                
               
               
       
RESUMEN
Las enzimas son catalizadores naturales que pueden ser de utilidad en el sector industrial, ya que
contribuyen a hacer que algunos procesos, como aquellos relacionados con empresas de los sectores
alimentación, agrícola, cosmético y farmacéutico, sean más rápidos, más limpios, más seguros, más
baratos y más sostenibles. Su uso puede contrarrestar problemas globales derivados de la sobrepoblación
como la disminución de recursos naturales, la polución y los problemas de salud, que a su vez demandan
enzimas con nuevas y/o mejores propiedades. Encontrar nuevas enzimas es un proceso largo y complejo,
si bien el tiempo necesario para su descubrimiento se ha reducido significativamente: actualmente, es
posible proporcionar a la industria nuevas soluciones enzimáticas en menos de tres años. La mayoría de
las enzimas son aisladas de microorganismos y los últimos avances tecnológicos hacen que sea
relativamente fácil producir nuevas enzimas. El problema estriba en que solo un pequeño porcentaje de
estas nuevas enzimas es útil para los procesos industriales. Este ha sido uno de los retos de esta Tesis,
aumentar el valor de nuevas enzimas y ayudar a comprender, predecir y modificar sus propiedades, para
encontrar candidatos de interés para la industria. Primero, nos propusimos encontrar nuevas enzimas a
partir de un amplio muestrario de comunidades microbianas y microorganismos filogenéticamente
diversos, que se desarrollan en ambientes heterogéneos, incluyendo algunos de los más extremos del
planeta. Esto garantiza una amplia diversidad enzimática y que las enzimas aisladas se encuentren
adaptadas a trabajar en múltiples condiciones de pH, temperatura, salinidad y diversidad y concentración
de nutrientes, por citar algunas de las más relevantes. Segundo, esta Tesis centra su atención en encontrar
y aumentar el valor de nuevas enzimas para la industria, especialmente en las llamadas enzimas de amplia
“promiscuidad de sustrato”, aquellas que son capaces de aceptar una gran diversidad de sustratos y que,
por lo tanto, pueden ser usadas en varios procesos industriales. Centrándonos en éster-hidrolasas y ω-
transaminasas de la clase III y aplicando y diseñando herramientas de cribado y tecnologías de alto
rendimiento, hemos construido una de las mayores colecciones de estas enzimas localizadas en un solo
laboratorio, que actualmente asciende a 155 (145 y 10, respectivamente). Gracias a su intensa
caracterización con al menos 130 sustratos diferentes, se ha evaluado la especificidad y selectividad de
sustrato, e identificado aquellas con características más prominentes. Con la ayuda de las estructuras y
herramientas computacionales, se han identificado marcadores de “promiscuidad de sustrato” y enantio-
selectividad, a partir de los cuales hemos sido capaces de acelerar la identificación de éster-hidrolasas y
ω-transaminasas de la clase III versátiles e industrialmente relevantes, en la medida en que presentan
especificidades de sustrato y selectividades mayores y poco frecuentes en comparación con enzimas
comerciales similares. A continuación, se demostró que es posible transformar una enzima con amplia
“promiscuidad de sustrato” pero no estéreo-específica en un biocatalizador estéreo-específico con amplia
especificidad de sustrato aplicando técnicas de ingeniería supramolecular e ingeniería de proteínas. Los
principales logros de esta Tesis incluyen: I) la generación de un set robusto de metadatos que demuestran
que la biodiversidad ambiental es una valiosísima fuente de enzimas novedosas; II) la acumulación de
datos que demuestran que es posible identificar enzimas con alta “promiscuidad de sustrato” y que, a su
vez, son más comunes de lo esperado; III) la demostración de que el nivel de “promiscuidad de sustrato”
de ciertos tipos de enzimas puede ser predicha a partir del análisis de sus secuencias, sus modelos
tridimensionales y/o sus estructuras, sin necesidad de su clonación, expresión y caracterización previa;
IV) reforzar la idea de que una amplia especificidad de sustrato va ligada a una baja enantio-selectividad,
si bien este hecho puede solventarse mediante ingeniería supramolecular, restringiendo la flexibilidad de
la estructura de la enzima mediante estrategias de inmovilización; V) la demostración de que es posible
introducir un segundo centro activo a una enzima localizando previamente nuevos sitios de unión al
sustrato, y que generar una enzima con dos centros activos funcionales podría mejorar la competitividad
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Figure 25. Schematic representation of the loss of flexibility of the structure of EH1 serine ester-hydrolase








   
  
   
  
    
    
       
   
  
     
    
    
   
  
      
  
  
    
   
    
    








        









BSC: Barcelona Supercomputing Center
CSAR: Community structure-activity resource
CSIC: Consejo Superior de Investigaciones Científicas
EC: Enzyme commission
EH: Ester-hydrolase
FAO: Food and Agriculture Organization
GFP: Green fluorescent protein
GOS: Global ocean expedition
HAD: Haloacid dehalogenase
His: Histidine
ICP: Instituto de Catálisis y Petroleoquímica
Ile: Isoleucine
Leu: Leucine
MCP: Meta cleavage product
MOF: Metal-organic framework
NMR: Nuclear magnetic resonance
PCR: Polymerase chain reaction








UNESCO: United Nations Educational, Scientific and Cultural Organization








      
                  
               
                 
                 
                 
                      
          
                 
                
             
              
              
              
             
                
              
           
                 
                 
                  
               
                
               
              
                    
                 
              
   
                
                
              
           
             
 
   
                
                   
               
                  
                  
                
                
INTRODUCTION
1.1. Environmental and human health crisis
The design and use of tools have been key factors in human evolution and its relationship with the
environment. By applying different tools, we can adapt or find solutions to environmental concerns, while
at the same time provide improvements in a large number of different fields, such as agriculture or
medicine. These tools and the developments generated from them are crucial given that we are about 7.7
billion living people, as most recent United Nations estimates. Even though it is true that the current
growth rate is not as high as it was at other times in history, like at the industrial revolution, we will reach
10 billion by 2057 (https://www.worldometers.info). This overpopulation necessitates more technological
advances in sectors such as Biotechnology, to give a specific relevant field to this Doctoral Thesis, to
maximize the utilization of available ecological resources and sustain our way of life, given the estimates
that the so-called Earth Overshoot Day is reached earlier year by year (https://www.overshootday.org/).
In addition to the overexploitation of limited available resources, overpopulation has a profound impact
on our environment. Our increasing influence on the climate by burning fossil fuels, transportation,
deforestation and chemical pollution, has made several authors name our current geological era the
Anthropocene. Just as an example, the concentrations of typical greenhouse gases (carbon dioxide,
methane or nitrous oxide, to cite some) are highly increasing because of human activities, being 40%
higher than they were at the beginning of industrialization (Pachauri, 2014). These and other
contaminants, such as oxygen-consuming materials, heavy metals, persistent organic matter and
pesticides, are and will continue affecting air, soil and water reservoirs. Their presence will have a negative
legacy of pollution across the planet and will affect human health on a global scale (World Health
Organization (WHO), 2017). Just in 2019, exposure to air pollution was found to be associated with a circa
1% increased respiratory and cardiovascular mortality (Liu et al., 2019). One relevant example in relation
to environmental concerns is plastic, widely used in our economy and of which 4-5 million tons
accumulate annually in the oceans. Still, a biotechnological solution to recycling plastic is awaiting. In
addition to this, the global average temperature is continuously increasing, being about 0.82°C higher
than it was at the end of the 19th century. The consequences of the global warming include the rising of
the sea level, the flooding of coastal areas, the dysregulation of rainfall, heatwaves and droughts and the
occurrence of catastrophes, the increase of environmental pollution, and the negative impact on human
economy and health.
Remarks: As we are responsible for the environment and resources crisis, we do need not only
technological products but also a sustainable way to manufacture them as we are now dependent on
them. This is essential in order not to plunder natural resources which are finite
(https://ec.europa.eu/clima/change/), while at the same time minimizing the impact in environment
and healthcare. These are among the reasons for the so-called latest Biotechnology Boom.
1.2. Biotechnology Boom
Biotechnology is the implementation of live organisms, or parts of them, in an industrial setting. Although
the term was first coined by Karl Ereky in 1919 (Ereky, 1919), we had been using biotechnology from the
firsts fermentations for making dairy products or alcoholic beverages (Bhatia & Goli, 2018). Nowadays it
is presented as a sustainable alternative that can reduce costs in many industrial sectors. No one can deny
the positive growth rate of this technology since a few decades ago a bunch of enzymes was implemented
in the market (Arbige & Pitcher, 1989). As recently published, 2018 was the year of Biotechnology





                 
                  
             
 
                
    
              
             
                   
                
          
                
                      
            
                 
              
             
                  
        
 
                   
               
                 
               
               
                
                 
                
               
in any previous year (Figure 1). In addition to that, the global bio-economy, which depends heavily on
biotechnological developments, is growing at a rate of about 3.6%, and this rate will continue for at least
the next five years (Sawaya & Internacional , 2010; Sheldon & Brady, 2019).
Figure 1. Global amount and number of financings raised by venture capital funds, 2007–2018, in Biotechnology.
Modified from Hodgson (2019).
Within the field of Biotechnology, the emerging “White Biotechnology” has the mission to largely
implement microbes and the enzymes they contain in place of conventional chemical synthesis
(Bornscheuer et al., 2012). About 90% of all processes in industry require a catalytic step, and it is expected
that up to 20-40% of chemical synthesis processes, which commonly rely on the use of environmentally
damaging bulk organic solvents and energy-demanding high-pressure and high-temperature processes,
could be substituted by microbial and enzymatic processes in coming years (Sheldon & Brady, 2019). This
is why it is recognized that the future of our bio-economy will be based on the use of known or yet to
discover microorganisms and their enzymes. Indeed, companies use microbes and their products
(enzymes) because they can lead to lower production costs or because they reduce time to market, which
is highly important for producing compounds under price pressure like fine chemicals and pharma
products. In addition to that, these organic catalysts give, in many cases, high specificity/enantio-
selectivity and catalytic efficiency (Blomberg et al., 2013; Mate et al., 2019), and can be used at ambient
temperature and pressure (Turner & Truppo, 2013).
Remarks: We want to believe, or at least they have been telling us, that the future of our bio-economy
may come from new microbes and enzymes (Pellis, Cantone, Ebert, & Gardossi, 2018). Nowadays, the
technology is enjoying such a high level of sophistication that it has enabled the generation of a
spectacular vision of the microbial and enzymatic world never achieved before. This, together with the
multiple possibilities for better exploring and exploiting the diversity of microbes and their enzymes to
meet the needs of the industrial growth, make the possibility of better exploring the environment to
produce future bio-based chemicals closer. However, the problem to be solved is not how to access and
sample our environment and microbes, but to better recover the right microbe, the right chemical and





                  
            
              
               
 
            
                  
               
              
                
              
             
              
               
                
     
              
                   
                  
             
       
 
                   
                   
                
                
              
                  
            
This is one of the targets of this Doctoral Thesis, which has focused on the investigation of microbial
enzymes, namely, ester-hydrolases and class III ω-transaminases, and how through an accumulated
biocatalytic, structural and computational knowledge, one can shorten the way to find or engineer
those. This may partially cover the needs that have taken us to the Biotechnology Boom.
1.3. Enzymes as biotech enhancers: ester-hydrolases and amine transaminases as study case
Enzymes are proteins that act as catalysts, and as such, they are reaction accelerators. In this case, this
acceleration is due to a three-dimensional space, called active site, that within a polypeptide scaffold
creates a biochemical ambient in which the reaction becomes energetically favorable. This is why
chemical- and bio-industries have a steadily growing demand for enzymes that can catalyze a huge variety
of different reactions and, if possible, with high activity, broad substrate specificity and stringent stereo-
specificity. Using enzymes instead of chemical catalysts has some interesting advantages such us
performing reactions at physiological conditions of temperature or pH, and avoiding or diminishing the
release of damaging pollutants to the environment. However, since enzymes have been evolved by nature
for working in living cells and under mild reaction conditions, most enzymes do not operate cost-efficiently
in industrial processes conditions.
Despite the inherent limitations of enzymes, the global enzyme market is continuously increasing. Thus,
the global enzyme market is expected to increase from 12.1 billion USD (in 2019) to 16.9 billion USD in
2024 (Figure 2a). This increase, which will occur in all major classes of enzymes currently on the market,
including proteases, carbohydrases, lipases, polymerases and nucleases (Figure 2b), is directly linked to
the necessity to produce high-demand products.
Figure 2. The market is increasingly demanding enzymes. a) Increase in the global market of enzymes in the industrial
sector. b) Increase in the global market of each of the enzyme classes of relevance for industry (Market, 2016)
It is noteworthy that 64% of the World‘s enzyme-producing companies are located in Europe and that
they produce around 75% of the world‘s industrial enzymes. Fifteen years ago, the global market of
products obtained by biocatalysis and microbial fermentation in the sectors of food, pharma, fine
chemicals, cosmetics, energy and new materials, had a global value of USD 70 billion. From now to 2023





               
                 
              
 
        
 
              
             
           
               
                 
                  
                 
                 
              
                    
 
               
              
                  
                
                   
               
  
 
                 
               
               
                 
               
                 
This Thesis focuses on serine ester-hydrolases and class III ω-transaminases, two of the most attractive
and used enzymes in industrial settings (Daiha, Angeli, de Oliveira, & Almeida, 2015; Ferrer et al., 2015).
Below, an overview of their characteristics, mode of action and applications is briefly described.
Ester-hydrolases: what is known and what is missing
Ester-hydrolases, including esterases and lipases, represent a very important and, probably, one of the
most widely used classes of enzymes for industrial biocatalytic applications, including kinetic resolution
by enantio-selective hydrolysis and transesterifications, and, albeit currently less prominent, enzymatic
polymerization (Ferrer et al., 2015). They are found interesting in food processing, beverages, laundry or
perfume industries, because of its role in the processing of some esters with flavor and fragrant qualities
and lipids. As well, they are widely used in pharmaceutical industries for the production of chiral drugs, in
agriculture as they can react with the toxic residues of the phosphotriesters that are used as polluting
insecticides, in paper industry to treat the paper pulp, in the textile dyeing process and production of
leather, and in baking industry, among other relevant applications and processes (Panda & Gowrishankar,
2005; Daiha et al., 2015; Romano et al., 2015; Javed et al., 2018; Ozer, Ay Sal, Belduz, Kirci, & Canakci,
2019).
Esterases and lipases, with the Enzyme Commission numbers EC 3.1.1.1 and EC 3.1.1.3, respectively, are
widely distributed through plants, animals and microorganisms. They are capable of breaking ester bonds
and, in most cases, do so without any molecule as a cofactor. These properties make esterases and lipases
an attractive option for industry (Sayali, Sadichha, & Surekha, 2013). From a structural and mechanistic
point of view, these enzymes have a typical α/β hydrolase fold with, in most cases, a catalytic triad formed
by Ser-His-Asp, assisted by the so-called oxyanion hole, in the particular case of serine ester-hydrolases
(Figure 3).
Figure 3. Detail of the Ser-Asp-His catalytic triad and Gly-Gly-Gly oxyanion hole, in the free EH1 serine ester-
hydrolase (PDB 5JD4) reported in this Thesis. Distances between triad residues are shown in Angstroms.
The currently accepted mechanism of the ester rupture by serine ester-hydrolases needs one molecule of
water. In resting conditions, the Serine has a nucleophile oxygen due to the Histidine acceptance of a
proton. The Histidine can accommodate this extra positive charge as the Aspartic acid sidechain is





                  
               
              
              
               
                  
  
                
    
                 
              
                
                 
                
              
            
            
                 
                
              
              
     
            
              
               
                
              
             
              
               
                  
            
        
                 
                 
             
                
                  
Serine can be attached to the carbonyl carbon of the ester by releasing an alcohol molecule. An acyl
tetrahedral intermediate compound is formed and attacked by a water molecule in a second nucleophilic
reaction, breaking the union between enzyme and substrate and releasing the acidic group. The
stabilization of the interaction is mediated by the so-called oxyanion hole contacts, commonly constituted
by adjacent Glycine residues with nitrogen atoms. A detailed scheme of the interactions and reaction
mechanism is shown in Figure 4. For extensive details see a recent review by Aranda et al. (2014).
Figure 4. Scheme of the model catalytic mechanism of ester hydrolysis by serine ester-hydrolases. Adapted from
Aranda et al. (2014).
Based on the comparison of primary structures, at least 14 different families of esterases and lipases have
been described in databases, each containing highly diverse enzymes differing at sequence, structural and
properties levels (Ferrer et al., 2015). They are widely distributed in the environment and within the
phylogenetic tree and are relatively easy to screen by multiple methods (Adesioye et al., 2018) and to
clone, produce and characterize (see Chapter 1) compared to other enzyme classes. In addition to that,
random mutagenesis (Adesioye et al., 2018), rational protein engineering (Hajighasemi et al., 2016) and
immobilization (Keller, Beloqui, Martínez-Martínez, Ferrer, & Delaittre, 2017) had served to improve
stability, enantio-selectivity and process performance. However, these strategies, albeit a number of
successfull stories have been reported, appear to be limited to a small group of specialists rather than
having the potential for everyday application in industry. Regardless of this situation, a great amount of
knowledge of their sequences and biocatalytic properties has been accumulated, thanks to which multiple
preparations are commercially available for industrial purposes. For extensive details see a recent review
by Ferrer et al. (2015).
Although several esterases and lipases for biotechnological applications have already been identified,
being CalB from Pseudozyma aphidis (formerly Candida antarctica) one of the best representatives of
commercially available lipase preparations used for the production of fine chemicals (Daiha et al., 2015),
the molecular basis of their performance remains largely unknown. Thus, such enzymes, as all others, are
usually identified using surrogate substrates, and once confirmed their activity with such model chemicals,
their capacity to convert other molecules is further confirmed experimentally. Unfortunately, the ability
of an esterase/lipase to catalyze a pre-defined reaction is currently not predictable. Consequently, the
first step towards a novel application is a laborious and time-consuming screening of large enzyme
libraries for the desired activity (Ferrer et al., 2016). In addition to that, robust enzymes, e.g. for fast
production of molecules requiring high-temperature polyurethane networks (e.g. at 80°C within 60
minutes) starting from oligomeric building blocks, are missing.
For all the reasons above, ester-hydrolases were used as the first objective along this Doctoral Thesis. We
think that a major bottleneck in relation to ester-hydrolases is not their screening or the limited number
of available preparations but rather the establishment of the molecular mecanisms responsible for
catalytic tuning and how this understanding can help finding and defining the right one among many





                
             
             
            
                
            
              
                
                
             
              
  
              
                 
           
                
               
             
           
              
    
 
        
 
              
                
             
              
               
                
               
              
                
                
     
                
                
                
                 
                 
                 
           
                
                
                  
     
with different proven substrate promiscuity and use this as a lead scaffold to first, understanding how
substrate specificity is modulated and to secondly, engineering stability and selectivity towards the
desired reaction. This is achieved by a synergistic combination of state-of-the-art structural, modeling,
computational and protein engineering and immobilization. Gene sequences encoding enzymes to start
with have been identified from deep mining metagenomes and bacterial genomes. A key step of this
Thesis comprises ester-hydrolases identification and substrate selectivity evaluation to enable a rapid
identification of novel and robust enzymes, establishing a pipeline trained with the top candidate
enzymes. For that, the respective genes have been expressed using a unique collection of different host
strains and plasmids to validate the predicted activities and to purify sufficient amounts for activity tests
and crystallization studies. Solved crystal structures or 3-dimensional models were used to enable
understanding of enzyme features as well as to engineering specificity and selectivity in benchmarking
reactions.
Remarks: A high number of ester-hydrolases has been described, some of which are commercially
available and used. Their screening is no longer a problem, because the existence of easy screen tests
(Reyes-Duarte, Coscolín, Martínez-Martínez, Ferrer, & García-Arellano, 2018), and because they are
relatively easy to produce. The bottleneck is how to find the ones with more application potential
amongst many others. This Thesis will offer a highly diverse set of ester-hydrolytic enzymes, functional
high throughput screening platforms to screen for substrate promiscuity, detailed knowledge of factors
determining substrate promiscuity, and top candidate enzymes showing substrate promiscuity and
activity that can constitute the starting point to build up a modeling/docking/crystallization pipeline to
deepen into structural-functional analyses.
Transaminases: what is known and what is missing
Transaminases (EC 2.6.1.x), also called aminotransferases (ATA), are the second most requested group of
enzymes at industrial scale for chemical synthesis (Ferrer et al., 2015; Ferrer et al., 2016). Relevant
examples through pharmaceutical industry include the use of ATA-117 D-amino acid aminotransferase for
producing JanuviaTM (Sitagliptin phosphate), a drug for lowering sugar level in blood (Bommarius, Blum,
& Abrahamson, 2011), and the use of some transaminases for the amination of carbohydrates for
biomaterials which are typically made from fossil fuels (Aumala et al., 2019). They are versatile enzymes
with industrial potential to produce building blocks for drug discovery and chemical biology, as they
catalyze asymmetric amino? transfer reactions between an amine and a ketone, aldehyde or keto-acid.
They use pyridoxal-5´-phosphate (PLP) as a cofactor, which serves as a molecular shuttle for ammonia and
electrons between the amine donor and the acceptor (Espaillat et al., 2014; Fuchs, Farnberger, & Kroutil,
2015; Steffen-Munsberg et al., 2015).
Transaminases are classified into six classes (I to VI) based on their structural features and sequence
identity, with class III, covering the so-called ω-transaminases (ω-TAs), being one of the most used classes
in biotechnology, as they produce pure chiral amines that serve as building blocks in drug development
(Steffen-Munsberg et al., 2015). PLP covalently binds to a Lysine via a Schiff base forming an internal
aldimine. The catalytic mechanism is made up of two half-reactions. In the first one, the donor substrate
forms a Schiff base with the cofactor and after further intermediate steps, transfers its amino group to
the co-factor forming an external aldimine which generates pyridoxamine-5´-phosphate (PMP) when
deaminated product is released. In the second half-reaction, the amino group is transferred from PMP to
an acceptor ketone or aldehyde restoring the PLP internal aldimine. A scheme of the previously described
transamination process is shown in Figure 5. For extensive details, see recent reviews by Sayer et al. (2014)






                  
                  
                  
                
                   
                
                   
                   
                 
                  
                 
 
                         
              
            
                
              
Figure 5. Scheme of global transamination reaction by class III ω-TAs. Image adapted from Sayer et al. (2014).
Although a Lysine residue is the primary catalytic amino acid, few other residues have been shown to be
conserved among class III ω-TAs and are located in the catalytic pocket of the protein, commonly being a
dimer (Figure 6). Aside Lys, essential to mediate the transaminase reaction as a catalytic base, these
residues included: I) Tyr, Phe, Tyr and Arg residues which appear to have a sterically limiting role in the
so-called L pocket of the active site and in the recognition of those substrates containing carboxylates
(particularly, the Arg); and II) Leu, Trp, and Ile residues which create the steric constraints in the S pocket
(Park, Kim, & Shin, 2012; Han, Park, Dong, & Shin, 2015). Substitutions in any of these residues have been
shown to have a role in the substrate spectra, through generating additional size rooms required for bulky
substituents. A schematic representation of the location of the active site in a model class III ω-TAs with
an overview of residues most likely implicated in catalysis and substrate recognition is shown in Figure 6.
Figure 6. Structure of a class III ω-TAs called TR2 (see Chapter 3), and a detail of the catalytic active site of one of the
two monomers with conserved amino acids that are forming the L-pocket and the S-pocket.
Compared to ester-hydrolases, two major bottlenecks are worth mentioning in transaminases research.
First, amine transaminases from the class III ω-TAs are key enzymes for modification of chemical building





                  
            
          
                
             
              
                  
                
              
 
 
             
                
              
                
                 
                      
                
              
              
                 
                    
               
               
                  
                 
    
                
                  
                
             
                
   
                 
             
               
                 
                   
                
                   
               
ketones, and (R)-amines is still challenging. Second, their discovery is limited most likely due to a lack of
suitable screening methods, both experimental and in silico screens, at large scale.
Remarks: Although several aminotransferases with interesting properties and for biotechnological
applications of relevance have already been identified, a major bottleneck is the discovery of novel such
enzymes capable of converting bulky ketones and aldehydes and (R)-amines; establishing the molecular
basis of such substrate preference remains largely unknown. For all these reasons, amine transaminases
of the class III ω-TAs were a second objective along this Doctoral Thesis. The identification of new such
enzymes and the extensive analysis of their substrate spectra may help to deepen into the molecular
basis determining what makes such enzymes not commonly capable of converting bulky substrates and
(R)-amines.
1.4. Finding or engineering the right enzyme: some of the desirable properties
Often, enzymes are more delicate or unstable than chemical catalysts, as they need to maintain their
native structure to perform certain reactions that require incompatible pH or temperature conditions or
the addition of solvents. Moreover, enzymes need to be commonly mutated to increase the yield or
reaction rate to become industrially useful (Arnold, 2019). Enzymes normally take a lot of time to enter
the market since we have a big amount of candidates, but in the end just a few of them are suitable for
our purposes. In order to obtain an optimized bio-catalyst for a desired reaction, one can design
biocatalysts de novo (Richter et al., 2012), improve our existing biocatalysts through enzyme engineering
(Höhne, Schätzle, Jochens, Robins, & Bornscheuer, 2010; Arnold, 2019) or explore the current biodiversity
in search of enzymes that are already performing this reaction under the conditions we are looking for
(Ferrer et al., 2016). It is difficult for enzymes to enter the market but not impossible. As an example, the
incredible advance in molecular biology thanks to Polymerase Chain Reaction or PCR technique was linked
to the usage of the DNA polymerases from thermal resistant microorganisms as Thermus aquaticus which
lives in hot springs. Also, the green fluorescence protein GFP widely used as a reporter was extracted from
the jellyfish Aequorea Victoria. It is also to note the case of the lipase Lipozyme® CALB, initially
commercialized by Novozymes A/S.
Enzymes with outstanding properties that may contribute to solving some of the major challenges of our
time are difficult to find and predict. Promiscuity is one of these properties, which can be defined in
different ways (Figure 7) depending on the characteristic we pay attention to (Copley, 2003). Among the
different promiscuous phenotypes, this Thesis related to enzymes with the possibility of accommodating
different molecules in the active site, performing the same overall reaction; this phenotype is referred to
as “substrate promiscuity”.
The traditional statement that one enzyme can recognize only one substrate is not that solid anymore, as
enzymes with broad substrate specificity (herein referred to as “substrate promiscuous” enzymes) have
become more and more common (Nobeli, Favia, & Thornton, 2009). This phenomenon is highly relevant
for microbes as their presence is linked to environmental (Huang et al., 2015), evolutionary (Huang et al.,
2012; Yip & Matsumura, 2013; Price & Wilson, 2014; Devamani et al., 2016), and structural (Hult &
Berglund, 2007; Copley, 2015; London et al., 2015) adaptations. However, in the context of this Thesis,
this property is crucial from a biotechnological point of view as a narrow substrate spectrum is one of the






        
               
                
              
  
                
                 
            
               
                 
               
                 
                  
              
              
             
               
              
                 
            
              
               
                
                  
                  
               
                
                
                 
               
      
             
                
                    
Figure 7. Classification of “promiscuous” phenotypes of enzymes.
Remarks: A narrow substrate spectrum is one of the most frequent problems for industrial enzyme
applications (Ferrer et al., 2016). A consensus exists that “the more substrates an enzyme converts the
better”, opening application ranges with the consequent reduction of the production cost of multiple
enzymes.
Across this Doctoral Thesis, we first focused on the investigation of substrate promiscuity as a relevant
enzymatic property to work with and understand. There is a number of current challenges in relation to
understanding substrate promiscuity. Enzymes with wide substrate ranges appear naturally (see Chapter
1 and references therein). Indeed, some enzymes are more promiscuous than others for multiple reasons.
In fact, it is generally accepted that the substrate specificity of individual enzymes is influenced by the
architecture (size and geometry) of their active-site cavity and their access tunnels (Damborský & Koca,
1999; Suplatov & Švedas, 2015). The elaboration of a core domain or minimal structural unit, from which
these properties can diverge, may have led to an increased substrate range in a superfamily (Huang et al.,
2015; Berezovsky, Guarnera, Zheng, Eisenhaber, & Eisenhaber, 2017). In general, large active sites are
consistent with these enzymes' very broad substrate specificity, whereas the enzymes with smaller and
occluded cavities cannot accommodate so readily larger substrates (Suplatov & Švedas, 2015). Plasticity
is also an important factor, as enzymes with different degree of plasticity showed altered substrate
conversion, since the active site may acquire diverse conformations (Albesa-Jové & Guerin, 2016). The
presence of key substitutions in the access tunnels may also control the specificity, as it has been
demonstrated by protein engineering and comparative computational studies (Espaillat et al., 2014).
These substitutions and their positioning may increase or decrease the activity towards certain substrates
not only because they influence the entrance and positioning of the substrates themselves (i.e., steric
hindrance), but also by restricting the access of water molecules (Koudelakova et al., 2011) or contributing
to the positioning of different anions in the proximity of the active site (Albesa-Jové & Guerin, 2016; Purg
et al., 2016). This may alter, for example, the rate of the hydrolysis of an acyl-enzyme intermediate formed
during substrate hydrolysis by ester-hydrolases. Divergence in specificity may also be due not to plasticity
and simple amino acid residues substitutions (Alcaide et al., 2013), but to large structural elements that
are inserted, removed or rearranged in the primary sequence (Huang et al., 2015; Ramírez-Escudero et
al., 2016). By comparing wild-type and mutant variants it has also been demonstrated that it is possible
to interconvert the substrate specificity of enzymes by modifying their active-site cavities and main access
tunnels (Alcaide et al., 2013).
Moreover, vast protein sequence comparisons and experimental data sets revealed the existence of
enzymes with wide substrate specificity in many protein families (Kmunícek et al., 2005; Yoshida & Komae,





                  
             
            
                   
                
              
              
               
               
                 
            
                
                
              
               
                
             
               
              
            
              
            
             
             
           
                
               
             
                 
             
           
               
         
                 
                  
             
             
                 
                
              
               
               
               
                
                
              
Peat, Newman, & Scott, 2016; Yang, Lin, & Wei, 2016), including lipases (Daiha et al., 2015). A systematic
analysis of substrate specificities additionally revealed that phylogenetic analysis cannot be used to
predict the substrate specificity (Koudelakova et al., 2011). Thus, case-by-case investigations are
commonly needed to properly link a sequence not only to a function but also to a range of molecules
capable of being accepted as potential substrates. That is, the level of predictability by which enzymes
bind and convert multiple substrates is unknown, although molecular insights have been reported for
single enzymes (Babtie, Tokuriki, & Hollfelder, 2010). How can one distinguish substrate promiscuous vs
non-promiscuous enzymes, if possible? How can one precisely select an enzyme with a broad substrate
range over thousands or millions of others checking its sequence and avoiding extensive cloning and
activity tests? These are important initial questions to answer in order to find marketable enzymes. A tool
that can clearly distinguish promiscuous vs non-promiscuous enzymes and suggest substrates potentially
being converted or not by them might therefore be valuable to apply low-cost sequencing in discovery
platforms in large scale datasets such as those produced by genomics and metagenomics, while at the
same time leading to new versatile biocatalysts capable, at least, of converting multiple chemical
scaffolds. This is particularly relevant when confronted with an enzyme encoded by a sequence one
cannot a priori predict whether it will be capable of converting more or fewer substrates without
previously characterizing it. This is the first pre-requisite for its potential commercial exploitation.
As mentioned above, the relevance of predicting substrate spectra is indisputable, but there are other
properties as relevant for manufacturing settings as promiscuity. On the basis of specialized literature,
and multiple collaborations with private companies, what Industries also need are “easy-to-produce
enzymes displaying a high turnover rate for industrial model-molecules, the more, the better, with
stringent regio- and stereoselectivity and specificity when confronted with molecules having multiple
chiral or isomeric centers, and good stability”. Therefore, at least, substrate promiscuity, substrate
conversion rate, substrate specificity and selectivity and stability are fundamental properties to evaluate,
understand, predict and improve on biocatalytic manufacturing settings. Among them, stereo-specificity
is the second property investigated in this Thesis. Certainly, as described above, some enzymes are more
promiscuous than others but can also convert substrates that others cannot or even convert enantiomers
that others cannot. Are broad substrate promiscuity and stereo-specificity opposing properties in an
enzyme? Can we find enzymes with broad substrate range but at the same time having stringent regio-
and stereo-specificity? And, most importantly, can we answer these questions by examining sequence
information without requiring their time- and cost-consuming cloning, expression and characterization?
We think that these questions also remain unanswered and constitute a few crucial challenges coming
along with the implementation of enzymes in industrial biotechnology.
In order for enzymes to become attractive for industrial processes development, it is crucial not only to
identify those with properties of interest as mentioned above but also to improve them, as many of them
have originally showed frustrating poor performance or are not stereo-specific under industrial conditions
or requirements of productivity. Extensive genetic (Arnold, 2019) and supramolecular (Sheldon & Brady,
2019) engineering tools (empirical and in silico) are being applied and designed in this direction as the
only way to definitively evaluate the effect of small structural or amino acid changes or flexibility
constraints for the control and expansion of substrate binding, selectivity, and specificity (Figure 8).
Although major advances in the field of engineering (genetic or supramolecular) and rational design are
being achieved, a challenging question still remains in the topic of designing marketable enzymes: the
absence of tools by which substrate spectra, selectivity, and specificity and enzyme stability could be
inferred from sequence data which limits further enzyme improvement by rational design. If one has a
tool from which substrate spectra, selectivity and specificity could be inferred, then it would be possible





                
            
 
                
             
                   
           
                 
             
             
             
              
            
               
                 
                 
               
             
                  
                
        
 
           
             
             
               
                 
              
possibility has not been developed. We think that identifying the best enzymes and designing tools for
predicting enzyme properties could generate useful information to better guide protein design.
Figure 8. Some techniques that can be applied to improve the performance of wild type enzymes.
Remarks: Chemists mostly use inorganic catalysts for chemical conversions, and they commonly cannot
imagine using enzymes as a first choice. Only if chemistry does not find a solution or there is an
environmental concern around the chemical process, enzymatic conversions are considered at
industrial level. How to find and predict enzymes entering to the market faster? In an ideal scenario,
functional characterization of a large number of enzymes with genomic and metagenomic techniques
using a large library of substrates, including industrial model-molecules, would guide the accumulation
of biocatalytic data. These data may provide valuable information to comprehensively understand the
mechanistic basis of promiscuity, selectivity and specificity and to precisely predict and direct the
discovery of new attractive biocatalysts with broad substrate profile and stringent stereo-specificity.
Besides this, it is generally assumed that natural enzymes cannot be directly used at industrial
conditions and that one or several rounds of engineering or immobilization will be needed. This is why,
it is not only important to find enzymes with relevant properties and how to predict their incidence,
but also to apply and design new engineering and immobilization tools to tune their properties.
Nowadays, one cannot anticipate which of the alternatives, engineering (at genetic or supramolecular
level) existing enzymes, or finding them de novo, is a better alternative as a source of better performing
biocatalysts, and this is why both approaches should be considered in any research and apply setting,
as it was the case of this Thesis.
1.5. Source of enzymes: metagenomics as a tool to exploit biodiversity
Modern white biotechnology is based on the application of enzymes predominantly derived from
microorganisms. Microbes dominate our planet considering their cell number, number of species, total
biomass and diversity of environmental conditions in which they can grow (Mora, Tittensor, Adl, Simpson,
& Worm, 2011; Kyrpides et al., 2014). It is therefore anticipated that yet unexplored microorganisms and





               
             
               
               
               
                  
                
                   
       
              
              
                  
            
               
             
                 
             
              
             
             
               
                    
                   
                  
              
               
              
               
             
                
                
    
              
                
               
             
              
               
              
                  
    
 
to enable the most valuable new biotech applications (Berenguer & Ventosa, 2018). However, the classical
biochemistry and biotechnology relied on the availability and culturability of single microbial isolates
(Yarza et al., 2014). Although efforts in cultivation-based strategies to find new microbes relevant as
biocatalysts are being developed (Rodrigues, Pereira, Fernandes, Cabral, & de Carvalho, 2017), the rate of
discovery of biotech-relevant products is severely limited because we were unable to culture the vast
majority of microbial species. Only a fraction of less than 5% are currently maintained in labs and culture
collections; indeed, representatives of about 11000 species have been cultured (Yarza et al., 2010), and if
we were going to isolate all microbial species predicted thus far, about 10 millions (Mora et al., 2011), it
would take at least 1000 years.
This is why the existing and recognized potential for environmental microbiology to substantially improve
the commercial potential of biotechnology has recently been greatly further strengthened by the advent
of the “metagenomics” (Singh, 2010; Wilson & Piel, 2013; Ferrer et al., 2016; Ye, Siddle, Park, & Sabeti,
2019). Metagenomics was first described by Handelsman (Handelsman, Rondon, Brady, Clardy, &
Goodman, 1998) as a group of genomic techniques applied to the microbiology biodiversity of an
environmental complex sample skipping the laboratory culture step. Just around 5% of microorganisms
can be cultured in laboratories so theoretically we were losing a great amount of biodiversity by using
traditional techniques when searching for new enzymes (Puspita, Kamagata, Tanaka, Asano, & Nakatsu,
2012). Figure 9 summarizes all the steps and techniques which, constituting the so-called metagenomic
tools, can be applied to screen microbial communities for discovering new enzymes.
Metagenomics provides the capacity to discover new proteins in microorganisms and their communities
without the need to culture them as individual species, which is technically very difficult and time-
consuming (Puspita et al., 2012). Just as an example, the total time and cost of all the necessary steps for
cultivating a new microbe varied from days to years time, and from few to dozen thousands euro, at least;
easy-to-isolate aerobic bacteria requires at least one to two months to obtain a pure culture, with a cost
for preparation of cultivation media, maintenance and identification of about 2,500 € per strain;
culturable anaerobic strains would need 2-3 months, with a cost of 4,000-5,000 €; and difficult-to-isolate
(micro)aerobic strains such as Zetaproteobacteria or Thaumarchaea would take 1-2 years and cost ca.
10,000 € each. Instead, with metagenomics, the DNA of microbial communities is directly harvested from
the environment, sequenced and bioinformatic analysis and/or expression is then performed in surrogate
microbial hosts enabling screening for enzymatic activities of interest, in days to weeks time. This has
already been shown to facilitate the discovery of new enzymes with novel activities of industrial relevance
(Ferrer et al., 2016).
Whether or not to perform pre-enrichments of the environmental sample before DNA isolation, use
functional or in silico screens, use different vectors and hosts while cloning environmental DNA, and use
different sequencing platforms, is at the disposal of researchers and different options are available. In
addition, recent achievements in DNA sequencing and its price reduction, molecular biology and
bioinformatics allow easy access to an enormous amount of enzymes. These techniques, their advances
and the future of metagenomic data analysis in multiple contexts have been extensively described in
literature (Popovic et al., 2015; Ferrer et al., 2016; Garrido-Cardenas & Manzano-Agugliaro, 2017; Ngara
& Zhang, 2018; Ye, Siddle, Park, & Sabeti, 2019; Valdes, Stebliankin, & Narasimhan, 2019), and will not be






              
             
              
                  
                
               
                
                
             
                  
                  
                 
                  
                 
               
Figure 9. Metagenomic-based pipeline for enzyme discovery. Figure adapted from Wilson & Piel (2013).
Nowadays, enzymes can be efficiently identified and screened from metagenomic libraries or through
homology searches in DNA databases (Ufarté, Laville, Duquesne, & Potocki-Veronese, 2015; Ferrer et al.,
2016; Kunath, Bremges, Weimann, McHardy, & Pope, 2017; Montella et al., 2017). A set of a few hundred
new enzymes can be found using a simple substrate within few months. The cultivation of metagenomic
libraries under selective conditions allowing the growth of the wanted clones accelerates the finding of
new enzymes significantly (Popovic et al., 2015). Hence, establishing an enzyme collection is no longer a
big hurdle. In addition to that, genomes of cultivable microbes or metagenomes can often be easily
inspected for such enzyme genes that are cloned and biochemically characterized. Eventually, the
enzymes can be expressed at a pilot scale, validated and implemented into a process (Popovic et al., 2015).
However, this last step is a very time consuming and expensive process that only a small number of
enzymes will finally pass. A timeline of several years from the identification of a gene to process
establishment is the reality rather than the exception (Ferrer et al., 2016). Based on real examples, at least
58-66 weeks would be required to discover and commercialize an enzyme from a microbe, from a starting





                 
                
             
                  
  
                
              
                  
             
          
                
               
  
 
            
     
               
              
               
              
           
             
           
             
             
             
investigating whether a continuous supply of a novel enzyme at the right price is feasible, the discovery
of the right enzyme, the production and delivery of an active enzyme with the desired technical
specifications, and the production of a standard enzyme product with validated, regulated and quality-
assured routine manufacturing may be at least 100,000 € each, with only 1 out of 100,000 recovering the
cost (https://blog.oup.com/2019/04/industry-marine-diversity/).
Although the discovery of genes encoding for enzymes by metagenomic analysis is a first option because
its relatively easy feasibility to screen enzymes, other -omic techniques such as metaproteomics are
available for such purpose (Figure 10). As an example, the presence of enzymes can be checked by directly
assessing activities in proteins extracted from environmental samples or enrichments and further, using
mass spectrometry-based metaproteomics or metatranscriptomics by deep sequencing (RNAseq). By
using these techniques, one can mainly identify enzymes with high turn-over rates on the substrates of
interest (Sukul et al., 2017), information which cannot be obtained by DNA sequencing of the
metagenome.
Figure 10. Simple discovery of bacterial biocatalysts from environmental samples through functional
metaproteomics compared to metagenomic analysis.
Remarks: As the number of sequences deposited in databases is rising exponentially, there is an
important gap between the number of sequences available and the number of enzymes characterized.
For this reason, this Thesis is contributing to enzyme characterization efforts. This was done by
incrementing the number of enzymes being isolated by metagenomic tools and by applying extensive
characterization and computational tools, selecting those with most interesting properties and
searching for structural patterns that tune substrate specificity, which was further improved through
rational design and supramolecular modification of the scaffold flexibility through immobilization.
1.6. Study of structural patterns for predictive markers and design of better enzymes
As mentioned above, the relevance of predicting promiscuity level and/or substrate spectra is





                   
               
                 
              
          
               
                
               
               
                
    
               
                   
             
          
 
          
 
              
                 
            
                
              
             
                
                
               
               
             
              
              
                
              
   
                
                 
              
                 
               
             
                
               
   
link a sequence, not only to a function but also to a range of molecules, isomers and chiral molecules
capable of being accepted as potential substrates. A similar situation is encountered when evaluating and
trying to predict solvent stability, as no available tool allows a priori prediction of solvent stability from
sequence data. Despite this, the temperature stability of an ester-hydrolase from Bacillus subtilis was
recently effectively predicted with computational methods applying rigidity theory-based Constraint
Network Analysis. However, this method can only be used with small proteins/short peptides and whether
this method can be extended to other ester-hydrolases or enzymes needs to be evaluated (Rathi, Fulton,
Jaeger, & Gohlke, 2016). With the goal of making better enzymes according to industry application
requirement of high stability and high activity, other automated strategies that design stable networks of
interacting residues at the active site have been applied for improving activity and stability of hydrolases
(Khersonsky et al., 2018).
Remarks: An accumulated knowledge of enzyme properties will allow a better predictability of the best
enzymes, how to easily find them in a database, and how to use this information to produce and design
a set of commercially exploitable enzymes. Recent advances in computational tools, including modeling
and docking can contribute to the analysis of meta-biocatalytic data.
Computational methods to find predictive markers: from modeling to docking
In order to approach the analysis of meta-biocatalytic data, finding predictive molecular or structural
markers responsible for an enzyme property and the design of predictive tools around them, a number of
data management, bioinformatic and computational tools needs to be commonly considered. First,
bioinformatic or data management tools need to be in place to have a comprehensive understanding of
the general molecular bases underlying what determines each of the enzyme properties. For example,
hierarchical clustering and network analysis of enzymes properties to evaluate the differences in
properties associated with each enzyme are needed. The clustering, which can be fed from the metadata,
can be created with the R language console, and the hierarchical clusters generated by calculating a
distance matrix using a "binomial" method, the hclust function, and the functions as.phylo and plot.phylo
from the ape package. Also, a sequence-to-properties network analysis can be performed by the ‘organic’
layout algorithm in Cytoscape (version 3.2.1), where clusters or subgraphs, each representing different
relationships, can be identified. A number of parameters characterizing the primary and tertiary protein
structures can be calculated, and further included in the hierarchical clustering and network analysis.
While some of these parameters can be calculated from the sequences, such as sequence identity, family
assignations, amino acid composition and isoelectric point (pI), others need three dimensional (3D) model
or structural analysis.
One of the reasons for price reduction of sequencing was the development of bioinformatic tools with
computing power enough to manage and store the great amount of data and its accessibility in public
databases (Diniz & Canduri, 2017). As bioinformatics evolve, new software programs with new functions
appear. In order to perform structural analyses, it is imperative to know the protein structure of our
enzyme. However, protein structures are very difficult and costly to obtain and often three dimensional
(3D) structural patterns of enzymes with unknown structures are studied using homology modeling
software programs such as Swiss-model. The 3D modeling of an amino acid sequence starts from the







               
 
                  
             
              
                
              
              
           
               
              
               
                 
             
               
             
                
            
                   
        
               
                 
              
                  
               
                     
                
             
Figure 11. Schematic representation of the 3D structural analysis using the 3D modeling software Swiss-model
(https://swissmodel.expasy.org/).
Through this Doctoral Thesis, we have used not only crystals but also models of our proteins for studying
the structural patterns in the context of biocatalytic properties, namely, substrate promiscuity. In
addition, for topology studying catalytic pockets, we have used the Protein Energy Landscape Exploration
(PELE) software (Borrelli, Vitalis, Alcantara, & Guallar, 2005) for docking probes. PELE offers today one of
the best modeling alternatives to map protein-ligand dynamics and induced fit. This technique combines
protein structure prediction methods with a Monte Carlo algorithm, and represents a breakthrough in
modeling protein-ligand interactions, being recently highlighted in the latest community structure-activity
resource or CSAR challenge (a blind benchmark for docking and scoring methods) as a “remarkable
achievement” (Borrelli, Cossins, & Guallar, 2010; Hernández-Ortega et al., 2011; Carlson et al., 2016;
Santiago et al., 2016). Furthermore, the new Adaptive-PELE (Lecina, Gilabert, & Guallar, 2017) allows for
a complete protein surface exploration, locating binding site pockets in only a few hours of a moderate
computing cluster (~32 computing cores). Thus, these technological developments are ideally suited to
locate, without previous knowledge, potential binding sites that could be converted into active sites. We
should underline that finding these pockets typically requires significant enzyme reorganization, both at
the level of conformational sampling and induced fit. Thus, a similar analysis cannot be performed with
simple docking techniques. Effective alternative techniques are mostly limited to molecular dynamics
simulations (Shan et al., 2011), although for the amount and type of studies that we will conduct it would
require a significantly higher (almost prohibitive) computational cost.
More in detail, PELE combines the prediction of protein structure and Monte Carlo stochastic approach
algorithms. The process begins with the calculation of the resting energy of the system, then an initial
perturbation is generated. Afterward, the side-chain sampling is performed by an algorithm that places
all side chains local to the ligand with a rotamer library side-chain optimization. The last step is the
minimization with a truncated newton minimizer, which is a method for finding optimal points. These
three steps give rise to a movement of the system which is tested and, if a new minimal is obtained, the
movement will be valid and the simulation will continue. The process allows the efficient sampling of






                 
    
                
            
          
               
         
 
          
 
                   
             
                
              
                
               
                
              
                
                  
               
                
               
                
                    
                   
                
                
               
                 
      
Figure 12. Scheme of PELE software workflow for modeling and mapping protein-ligand dynamics and induced fit in
protein structures. Source: https://pele.bsc.es/pele.wt/
Remarks: Integration and deep analysis of biocatalytic data from an extensive set of enzymes will help
to obtain an improved understanding, prediction, selection and design of novel commercially
exploitable enzymes for industrially-driven applications. Here, molecular modeling and bioinformatic
tools are considered to get a comprehensive understanding of the general molecular basis, if any,
underlying what determines the enzyme properties, particularly substrate specificity.
Computational methods to engineer better enzymes based on predictive markers
The active site of an enzyme, which represents only a fraction of the total enzyme volume, has to include
appropriate residues and/or a cofactor with a specific configuration, stabilizing substrates into reactive
intermediates and transition states (Rufo et al., 2014). This combination of elements is the result of
evolution from primitive peptide scaffolds (Toscano, Woycechowsky, & Hilvert, 2007; Rufo et al., 2014).
With the discovery of the mechanisms by which proteins fold and the development of protein engineering
and computational tools, it has been demonstrated that the active site and elements essential for
stabilizing the transition states can be altered to modify catalytic properties. There are many examples in
the literature where the application of rational protein design, site-directed or saturated mutagenesis and
directed evolution have been used to predict and find key amino acid substitutions that designate a
desired new or improved activity; for a recent example see Höhne et al. (2010) and Arnold (2019).
However, there is an important point to consider. All enzyme variants designed through rational design,
molecular modeling or computational tools have been made in such way that the objective was to
introduce (or alter) one-active site in a non-catalytic protein, probably because we mimic what commonly
happens in nature: one enzyme – one active site (Frickel, Jemth, Widersten, & Mannervik, 2001; Deponte
et al., 2007; Jiang et al., 2008). The reasons why a certain location in a protein is more favorable than
others to establish an active site are totally unclear. Is it possible to find or design alternative sites to
introduce an extra reactive group? No investigation has demonstrated that this is plausible; that is, no
evidences have been gathered that demonstrate that introducing a second or more active sites into a
polypeptide already containing a native one, is feasible. This demonstration was undertaken in this Thesis
by using an approach consisting of locating extra binding pockets in an enzyme and turning them into





              
                
                
             
                
            
 
     
 
                   
                 
                    
              
                 
    
 
          
             
              
                   
                
               
                  
                 
               
Remarks: As mentioned above, enzymes typically harbor one active site. Its properties can be
redesigned, but the possibility to increase its number in an enzyme remains totally unexplored. In this
Thesis, we attempt to evaluate whether the possibility to add additional active sites into a model
enzyme, namely a serine ester-hydrolase from the structural superfamily of α/β-hydrolases, can help
to promote the activity of the original enzyme. For that, we used the accumulated structural and
biocatalytic meta-data and the predictive markers found relevant for defining substrate specificity.
Influencing flexibility constraints through immobilization
Like all molecules, proteins are capable to vibrate but as they are amino acid chains folded, they can also
move as atom bonds can rotate. Different amino acids have different atoms and also a different number
of them, so the global movement of a protein will depend on its primary structure, as well as its special
distribution in the tertiary structure (Figure 13). This flexibility may determine most protein characteristics
such as stability, activity, etc., as long as it represents the capability of responding to changes (Teilum,
Olsen, & Kragelund, 2009).
Figure 13. Schematic representation of movements conferring flexibility to proteins.
The main experimental techniques used to determine protein flexibility are spectroscopy and nuclear
magnetic resonance (NMR) both of which require high specialization. However, although flexibility is an
inherent property of a protein, it can also be modified, to an extent not known in many cases, through
enzyme immobilization. Enzyme immobilization is a strategy of combining the enzyme with a carrier. It is
widely used in the industrial processes for protecting the enzymes from the challenging condition used
(Datta, Christena, & Rajaram, 2013). It consists on the confinement of an enzyme in a phase, which can
be a matrix or a support, different from the one which contains substrates and products. Generally, there





                
             
      
                
                 
              
                
                 
                   
                  
                
               
     
 
 
       
                  
                  
                     
                 
                 
                  
                
           
               
               
            
                 
      
                     
              
             
               
- Adsorption: n this immobilization protocol the enzyme is attached to the surface of the support
by hydrophobic bonds and salt linkages. The adsorbed enzymes are protected from aggregation,
proteolysis and interaction with hydrophobic interfaces.
- Covalent binding: This strategy is based on the creation of covalent bonds between the support
and the side-chain of some amino acids of the protein such as lysine, arginine, aspartic acid and
histidine. The support must be functionalized with some reactive group. In general, the covalent
bonds give rise to a tight union that prevents the separation of the enzyme during utilization.
- Affinity immobilization: In this protocol, the binding of the enzyme can be achieved by two typical
ways; in the first one a matrix is pre-coupled with an affinity ligand for the target enzyme, in the
second, the enzyme is conjugated with some element that has some kind of affinity for the matrix.
- Entrapment: This method is based on the capture of enzymes by covalent or non-covalent bonds
inside a polymeric matrix such as gels, fibers or pores. The entrapment prevents enzyme leakage
and increases the mechanical stability.
Figure 14. Scheme of main immobilization techniques.
As there are lots of immobilization protocols, the best one will depend on the enzyme selected for the
process, and this is why a discussion on immobilization strategies and the outcomes will not be made in
this Thesis. Having said that, it is to note that as soon as an enzyme is selected, the process to generate
the final biocatalysts has to be worked out. The possible effects of the immobilization technique to be
applied add significant complexity to the process, while at the same time opening a window to modify a-
la-carte the enzyme properties. In this line, it is therefore critical to have a deep understanding of how
enzyme immobilization influences substrate range. This is crucial since it would not help to find a
promiscuous enzyme if its immobilization affects negatively this property. Opposite, through
immobilization one may open the possibility to modulate the substrate range a step further.
Remarks: In this Thesis, different immobilization techniques are applied to a top promiscuous but not
stereo-specific serine ester-hydrolase to evaluate the possibility of modulating its substrate spectra.
The idea is not to stabilize the biocatalyst but rather deepen into the possibility of creating promiscuous
and chiral-specific ones through supramolecular engineering.
In summary, it is clear that enzymes only end up in industrial processes if they meet at least a few criteria:
high substrate range, high stereoselectivity and high turnover rates, if possible, under harsh reaction
conditions. Major problems are related to the time-consuming and cost-intensive validation and process





              
            
                  
                
             
                
             
        
                   
              
             
                
              
            
              
                
              
       
  
few enzymes in current collections meet the criteria required for an industrial application. Narrow
substrate spectra, low stereoselectivity and low-temperature tolerance are the most frequent problems.
This implies that only a very small subset of proteins in an enzyme collection has properties that make
them useful for a biocatalytic process. Imagine how many steps are needed to explore the environment,
microbial genomes and metagenomes, for their enzymes: to organize a sampling expedition, the
processing of samples, the discovery and also the selection and production of right ones, the validation,
the quality assurance, the improvement through engineering, the pre-industrial and industrial studies and
tests, the approval and the commercialization.
Based on the above, this Thesis fisrt focused on the creation of a unique and large collection of very
important and probably amongst the most widely used class of enzymes for industrial biocatalytic
applications, such as ester-hydrolases and transaminases. Sencondly, on the establishment of a pipeline
to express such collection of enzymes in different host strains and plasmids and on purifying sufficient
amounts for activity tests, substrate profiling and crystallization studies. Thirdly, on the integration of
meta-biocatalytic data with solved crystal structures, 3D models, and computational information to
understand and predict substrate specificity level and its relation with stereo-specificity, in both enzyme
classes. Finally, this Thesis also comprises the establishment of a pipeline trained with the top candidate
enzymes with engineering (genetic and supramolecular) tools to enable a swift identification and design







                 
             
               
               
               
                
               
              
                   
                
    
 
              
            
             
            
     
           
             
            
            
      
                 
          




The main scientific objective of this Thesis is to deliver an enzyme collection, which encompasses a high
percentage of substrate promiscuous enzymes. The enzyme classes we strive to include are ester-
hydrolases and class III ω-transaminases, which are amid the most important ones in biotechnology and
biocatalysis. They can be implemented in the production of fine and platform chemicals, chiral building
blocks and many other high-value compounds, and their application usually results in the speed-up of
synthesis routes and thus a significant reduction of the environmental impact and time to market. Special
attention is paid to enzymes accepting large and bulky substrates and, if possible, being stereo-specific.
These general objectives are based on the following starting hypothesis: “enzymes with broad substrate
range can be easily used in more than one real process to deliver different classes of “first in class”
molecules in a cost- and time-effective way”. Based on these considerations, the specific objectives of this
Thesis are the following:
[1] To deliver, through metagenome and genome mining, a large collection of ester-hydrolases and
class III ω-transaminases serving as model study targets to investigate substrate promiscuity.
[2] To use cutting-edge analytics and the enzyme collection to generate metadata, regarding
substrate specificity and selectivity towards a broad range of substrates representing challenging
chemical steps in some cases.
[3] To identify enzymes with broad substrate range and novel stereo-selectivity.
[4] To use structural, molecular modeling and computational tools to have a comprehensive
understanding of the general molecular basis underlying what determines the properties of ester-
hydrolases and class III ω-transaminases, particularly, broad substrate range, and later transfer
these findings to other enzyme classes.
[5] To set up prediction tools to identify in databases, or create by rational design and supramolecular
engineering, a large sub-collection of potentially marketable biocatalysts, with prominent





    
 
           
 
             
     
 
            
   
 
           
 
 
            
  
METHODOLOGY, MATERIALS AND RESULTS
 Chapter 1: Determinants and prediction of esterase substrate promiscuity patterns.
 Chapter 2: Relationships between substrate promiscuity and chiral selectivity of esterases from
phylogenetically and environmentally diverse microorganisms.
 Chapter 3: Bioprospecting reveals class III ω-transaminases converting bulky ketones and
environmentally relevant polyamines.
 Chapter 4: Controlled manipulation of enzyme specificity through immobilization-induced flexibility
constraints.





          
 
                 
              
              
            
            
              
                   
            
     
                 
              
              
            
             
                
                    
               
              
           
               
                
               
                  
                 
                 
               
                 
                 
            
              
         
            
               
            
   
                    
                
                 
              
                  
                  
      
 
Chapter 1: Determinants and prediction of esterase substrate promiscuity patterns.
This Chapter constitutes the central axis of this Thesis for four main reasons. First, because a large
collection of 145 ester-hydrolases is created, through which we evaluate and understand the molecular
basis of substrate promiscuity in this class of enzymes. Second, because the accumulated knowledge
allows identifying ester-hydrolases with substrate specificity broader than that of best commercial
preparations. Third, because the accumulated knowledge also allows establishing the relation between
substrate promiscuity and enantio-selectivity, which will be discussed in Chapter 2. And finally, because
by using as lead scaffold one of the enzymes of this study with the broadest substrate specificity we were
able to generate biocatalysts with improved performances through supramolecular (Chapter 4) and
protein (Chapter 5) engineering tools.
More in detail, in this Chapter we present an example of how an accumulated knowledge of enzyme´s
biocatalytic properties can lead to the identification of molecular or structural marker of substrate
promiscuity and how this marker can help accurately identifying substrate promiscuous enzymes in the
databases, and to further produce and design biocatalysts for biotechnological purposes. An ester-
hydrolase collection was created by applying genomic and metagenomic techniques and by establishing
functional and in silico screenings. A total of 145 new and highly diverse ester-hydrolases were identified.
For two of them, crystals were obtained and, for a sub-set of 96, 3D models were established. All of them
were cloned, expressed and purified at mg scale, and after optimizing a high throughput assay,
characterized against a wide library of 96 different chemically and structurally diverse substrates. The
comprehensive analysis of the biocatalytic and structural data, complemented with computational
analysis allowed the identification of the molecular determinants that can explain the higher level of
substrate promiscuity that some enzymes show compared to others and how we can predict this property
from a sequence. In particular, we described a structural parameter we called “effective volume”. This
parameter shows the ratio between the total volume of the active site of the enzymes and the SASA
(solvent accessible surface area) of the catalytic triad. In other words, the effective volume gives us a
numerical value of how big and how exposed is the catalytic pocket of ester-hydrolases. We found this
parameter, easily calculated from sequence information, being a marker of the promiscuity level, so that
enzymes with an effective volume above a threshold do show a broader substrate profile than those being
below the threshold. This marker was also found to be applicable to other enzyme classes such as
phosphatases of the haloacid dehalogenase (HAD) superfamily of hydrolases. Therefore, through using
this parameter one can screen databases for finding promiscuous ester-hydrolases, avoiding the steps of
cloning and expression of enzymes encoded by all sequences.
The work also presents a set of ester-hydrolases converting more substrates, including industrially-
relevant ones, than those of the best commercial preparations. Finally, this contribution also deepens into
the microorganisms and environmental sites potentially containing enzymes with broad substrate range
compared to others.
Note: In this article, I am the second author but with equal contribution as the first one. I have participated
in all steps of the cloning, expression, purification and biocatalytic characterization of all 145 enzymes of
the collection. I have also contributed to the design of the high throughput tools to evaluate substrate
specificity and significantly contributed to the integration and analysis of the experimental, structural and
computational data. The relatively high number of coauthors is due to the fact that such a great collection
of enzymes could not be built without the participation of a high number of scientific groups, that have
shared their genomic and metagenomic resources.
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ABSTRACT: Esterases receive special attention because of 
their wide distribution in biological systems and environments 
and their importance for physiology and chemical synthesis. 
The prediction of esterases substrate promiscuity level from 
sequence data and the molecular reasons why certain such 
enzymes are more promiscuous than others remain to be 
elucidated. This limits the surveillance of the sequence space 
for esterases potentially leading to new versatile biocatalysts 
and new insights into their role in cellular function. Here, 
we performed an extensive analysis of the substrate spectra of 
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145 phylogenetically and environmentally diverse microbial esterases, when tested with 96 diverse esters. We determined the 
primary factors shaping their substrate range by analyzing substrate range patterns in combination with structural analysis and 
protein−ligand simulations. We found a structural parameter that helps rank (classify) the promiscuity level of esterases from 
sequence data at 94% accuracy. This parameter, the active site effective volume, exemplifies the topology of the catalytic 
environment by measuring the active site cavity volume corrected by the relative solvent accessible surface area (SASA) of the 
catalytic triad. Sequences encoding esterases with active site effective volumes (cavity volume/SASA) above a threshold show 
greater substrate spectra, which can be further extended in combination with phylogenetic data. This measure provides also a 
valuable tool for interrogating substrates capable of being converted. This measure, found to be transferred to phosphatases of the 
haloalkanoic acid dehalogenase superfamily and possibly other enzymatic systems, represents a powerful tool for low-cost 
bioprospecting for esterases with broad substrate ranges, in large scale sequence data sets. 
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Enzymes with outstanding properties in biological systems and the conditions favoring their positive selection are dif-
ficult to predict. One of these properties is substrate promiscuity, 
which typically refers to a broad substrate spectrum and 
acceptance of larger substrates. This phenomenon is important 
from environmental,1 evolutionary,2−5 structural,6−8 and bio-
technological9,10 points of view. The relevance of substrate 
promiscuity is indisputable as the operating basis for biological 
processes and cell function. As an example, the evolutionary 
progress of enzymes from lower to higher substrate specificity 
allows the recruitment of alternate pathways for carbon cycling 
and innovations across metabolic subsystems and the tree of 
life by maximizing the growth rate and growth efficiency.11 
Promiscuous enzymes are energetically more favorable than 
specialized enzymes,4 and therefore, the cell does not require 
many different enzymes to take up substrates, favoring genome 
minimization and streamlining.12 In addition, the acquisition of 
new specificities without compromising primary or ancestral 
ones is a major driver of microbial adaptation to extreme habitats.13 
From a more practical standpoint, along with requirements of 
a technical nature such as selectivity, scalability and robustness, 
a narrow substrate spectrum is one of the most frequent problems 
for industrial enzyme applications.14 A consensus exists that 
“the more substrates an enzyme converts the better,” opening 
application ranges with consequent reduction of the production 
cost of multiple enzymes.10,14,15 
Enzymes with wide substrate ranges occur naturally, as syste-
matically investigated for halo-alkane dehalogenases,16 phospha-
tases,1 beta-lactamases,2,17 and hydroxyl-nitrile lyases.5 Some 
enzymes are more promiscuous than others simply due to their 
fold or degree of plasticity or the presence of structural elements 
or mutations occurring under selection in the proximity of the 
active-site cavity and access tunnels favoring promiscuity. 
However, the general explanation, if any, by which an enzyme 
binds and converts multiple substrates is unknown, although 
molecular insights have been reported for single enzymes.18 
A tool that can clearly distinguish promiscuous versus non-
promiscuous enzymes and suggest substrates potentially being 
converted or not by them might therefore be valuable in applying 
low-cost sequencing in discovery platforms in any biological 
context. 
In an ideal scenario, functional characterization of enzymes 
with genomics19 and metagenomics10,20 techniques using a large 
library of substrates would guide the analysis of sequence-to-
promiscuity relationships and explore the mechanistic basis of 
promiscuity. In addition, such studies may help identify a new 
generation of highly promiscuous microbial biocatalysts. 
However, extensive bioprospecting and biochemical studies 
are rare,10 despite the growing number of sequences available 
through low-cost sequencing efforts21 and the growing number 
of enzymes that are typically characterized with limited substrate 
sets.14 To address this knowledge gap, we functionally assessed 
the substrate specificity of a set of 145 phylogenetically, environ-
mentally, and structurally diverse microbial esterases (herein 
referred to as “EH,” which means Ester Hydrolase) against a 
customized library of 96 different substrates to find predictive 
markers of substrate promiscuity rather than discrete determi-
nants of substrate specificity that may differ from protein to 
protein. EHs were selected for an analysis of substrate 
promiscuity because they typically have specific definitions of 
molecular function, can be easily screened in genomes and 
metagenomes compared with many other classes of proteins, are 
among the most important groups of biocatalysts for chemical 
synthesis, and are widely distributed in nature, with at least one 
EH per genome.14 
Our work adds important insights and empirical, structural, 
and computational data to facilitate the elucidation of the mole-
cular basis of substrate promiscuity in EHs, which was further 
extended to phosphatases from the haloalkanoic acid dehaloge-
nase (HAD) superfamily. This was achieved by deciphering what 
we consider a predictive structural marker of substrate promiscuity 
and by establishing the reasons why certain such enzymes are 
more promiscuous than others and can convert substrates that 
others cannot. This study does not pretend to generate a quanti-
tative measure to predict the number of compounds that an 
enzyme will hydrolyze but a tool and a parameter that will help in 
ranking (classifying) promiscuity level. Following on from that, 
we propose in this work the first molecular classification method 
of this kind derived from first principle molecular simulations and 
with clear physical/structural interpretation. This work also 
provides an example of the utility of this parameter to screen the 
sequence space for highly promiscuous EHs that may compete 
with best commercial EH preparations. We also provide first 
preliminary evidence of a number of underexplored microbial 
phylogenetic lineages containing EHs with a prominent substrate 
range. 
■ RESULTS AND DISCUSSION 
The Substrate Range of 145 Diverse EHs. A total of 
145 EHs were investigated. Extensive details of the sources and 
screen methods are provided in the Supporting Information 
Methods and Table S1. In an environmental context, the source 
of enzymes was highly diverse because they were isolated from 
bacteria from 28 geographically distinct sites (125 EHs in total) 
and from six marine bacterial genomes (20 EHs; Supporting 
Information Figure S1). A phylogenetic analysis also indicated 
that sequences belong to bacteria distributed across the entire 
phylogenetic tree (Supporting Information Results and Figure S2). 
The 145 putative proteins exhibited maximum amino acid 
sequence identities (Supporting Information Table S1) ranging 
from 29.1 to 99.9% to uncharacterized homologous proteins in 
public databases, with an average value (reported as %, with the 
interquartile range (IQR) in parentheses) of 74.3% (40.3%). 
The pairwise amino acid sequence identity for all EHs ranged 
from 0.2 to 99.7% (Supporting Information Table S2), with an 
average value of 13.7% (7.6%). BLAST searches were performed 
for all query sequences by running NCBI BLASTP against the 
current version of the Lipase Engineering Database22 using an 
E-value threshold of 10−10 and were successful for all but nine 
candidates. A total of 120 EH sequences were unambiguously 
assigned to some of the 14 existing families (F) of the Arpigny 
and Jaeger classification, which are defined based on amino acid 
sequence similarity and the presence of specific sequence  motifs.14,23 
These EHs included sequences with a typical α/β hydrolase fold 
and conserved G-X-S-X-G (FI, 20; FIV, 36; FV, 33; FVI, 5; and 
FVII, 6) or G-X-S-(L) (FII, 9) motifs and sequences with a serine 
beta-lactamase-like modular (non-α/β hydrolase fold) architec-
ture and a conserved S-X-X-K motif (FVIII, 11). An additional 
set of nine sequences were assigned to the meta-cleavage product 
(MCP) hydrolase family24 and six to the so-called carbohydrate 
esterase family,25 both with typical α/β hydrolase folds. Finally, 
one was a cyclase-like protein from the amido-hydrolase super-
family.26 Sequences-to-family assignments are summarized in the 
Supporting Information Table S1. Taken together, the primary 
sequence analysis suggests that the diversity of polypeptides is 
not dominated by a particular type of protein or highly similar 
protein clusters but consists of diverse nonredundant sequences 
assigned to multiple folds and subfamilies, which are distantly 
related to known homologues in many cases. 
The substrate profiles of all EHs were examined using a set of 
96 chemically and structurally distinct esters (Supporting 
Information Table S3). We are aware that the number of com-
pounds hydrolyzed may be an ambiguous indicator of promiscuity, 
because the size and composition of the library may influence the 
results. For this reason, the composition of the library was not 
random but based on including esters with variation in size of acyl 
and alcohol groups and with growing residues (aromatic, aliphatic, 
branched, and unbranched) at both sides, leading to more 
challenging substrates because a larger group adjacent to the 
ester bond increases the difficulty of conversion. Halogenated, 
chiral, and sugar esters, lactones, and an alkyl diester were also 
included. Esters with nitro substituents were not included. 
We used the partitioning coefficient (log P value) to indicate the 
chemical variability of the esters because this parameter reflects 
electronic and steric effects and hydrophobic and hydrophilic 
characteristics. Log P was determined with the software ACD/ 
ChemSketch 2015.2.5. Log P values (Supporting Information, 
Table S3) ranged from −1.07 (for methyl glycolate) to 23.71 
(for triolein), with an average value (IQR in parentheses) of 
3.13 (2.86), which indicates that the ester library used in this 
study had broad chemical and structural variability. Nevertheless, 
adding new substrates could surely help (and even change) the 
ranking of the EHs herein analyzed. The dynamic range of the 
assay may also influence the results. For this reason, to detect 
enzyme−substrate pairs for a given EH, the ester library was 
screened with each of the 145 EHs in a kinetic pH indicator assay 
in 384-well plates,24,27,28 which unambiguously allow quantifying 
specific activities at pH 8.0 and 30 °C, using a substrate concen-
tration above 0.5 mM (see Supporting Information, Results). 
Two commercial lipases, CalA and CalB from Pseudozyma 
aphidis (formerly Candida antarctica), were included in the assays 
for comparison. Using this data set, we linked the biocatalytic 
data to the sequence information for the respective enzyme. 
In this study, sequence information meant any sequence that 
encoded an EH of interest. Biocatalytic data meant experimental 
data on substrate conversion (i.e., units g−1 or U g−1) followed for 
24 h. 
We determined the probability of finding an EH with a broad 
substrate profile by plotting the number of esters that were 
hydrolyzed by all preparations. Figure 1 shows that the number 
of esters hydrolyzed by all 147 EHs (including CalA/B) fits to an 
exponential distribution (r2 0.99; p value 3.2e−38; Pearson s 
correlation coefficient) with a median of 18 substrates per 
enzyme, nine hits at the 25th percentile, and 29 hits at the 75th 
percentile. On the basis of this distribution and a previously 
established criterion,1 we considered an enzyme specific if it used 
nine esters or fewer (27% of the total), as showing moderate 
substrate promiscuity if it used between 10 and 29 esters (51% 
of the total), and as showing high-to-prominent promiscuity 
if it used 30 or more esters (22% of the total). This criterion 
indicated a percentage of EHs with a prominent substrate range 
similar to that found for HAD phosphatases (24%).1 
Phylogeny Is a Predictive Marker of Substrate 
Promiscuity. Hierarchical clustering was performed to evaluate 
the differences in substrate range patterns (Figure 2). For the 
sake of simplicity, clustering was performed for those EHs that 
hydrolyzed 10 or more esters (i.e., 107 total EHs). We first 
observed a large percentage of enzymes with presumptive 
broad active site environments that accommodated large 
aromatic and sterically hindered esters such as benzyl (R)-
(+)-2-hydroxy-3-phenylpropionate (49% of the total), benzoic 
acid-4-formyl-phenylmethyl ester (27%), 2,4-dichlorophenyl 
2,4-dichlorobenzoate (∼8%), 2,4-dichlorophenyl 2,4-dichloro-
benzoate (∼5%), and diethyl-2,6-dimethyl 4-phenyl-1,4-dihydro 
Figure 1. Number of ester substrates hydrolyzed by each of the 145 EHs 
investigated in this study. The commercial preparations CalA and CalB 
(marked with filled square) are also included. This figure is created from 
data in the Supporting Information Table S1. The activity protocol 
established and used to identify the esters hydrolyzed by each EH 
was based on a 550 nm follow-up pH indicator assay described in the 
Supporting Information Methods. The list of the 96 structurally 
different esters tested is shown in Figure 2. Full details of the activity 
protocol are provided in the Supporting Information Methods. 
The trend line shows a not-single exponential fit of the experimental 
data. The fit was obtained using R script and the Im function, to extract 
a polynomial regression of degree 6 with the following line model ← 
lm(MM[,1] ∼ poly(MM[,2],6,raw TRUE)) , where  MM[,1]  
corresponds to the number of esters hydrolyzed, and MM[,2] the 
position in the x axis (from 1 to 147). 
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pyridine-3,5-dicarboxylate (∼1%). Therefore, even though the 
EHs in this study were identified by a selection process based on 
the utilization of short esters (see Supporting Information 
Methods), the isolation of EHs with ample substrate spectra and 
the ability to hydrolyze very large substrates was not compromised. 
We detected drastic shifts in substrate specificity (Figure 2), 
with glyceryl tripropionate as the only substrate hydrolyzed by all 
EHs. This is consistent with the high sequence variability within 
EHs, with an average pairwise identity of 13.74%. We then sought 
to determine the primary factors shaping the substrate range and 
thus defined different functional clusters. First, we observed that 
global sequence identity was of limited relevance for inferring the 
substrate range because no correlation was found (r2 0.25) 
between the differences in identity and the number of esters that 
were hydrolyzed (Supporting Information Tables S1 and S2). 
Second, comparisons of the substrate range and the hydrolysis 
rate (U g−1 for the best substrates) were performed (Supporting 
Information Table S1). No correlation existed (r2 0.073), 
suggesting that our assay conditions allow evaluating the 
promiscuity level whatever the hydrolytic rate of the EH is. 
In addition to the low correlation values, no threshold above 
or below which one could qualitatively classify the substrate 
range was observed in both cases, so that sequence identity 
and hydrolytic rate are neither predictive nor classification 
parameters of promiscuity. Additionally, no link between 
substrate range and habitat was found because EHs from the 
same biosource fell into separate clusters (Figure 2). Phylogeny-
substrate spectrum relationships were further examined. Figure 2 
indicates that the broad substrate-spectrum EHs did not cluster 
in a single phylogenetic branch, yet substrate promiscuity was 
mostly found for members of one of 10 subfamilies covered. 
Indeed, 67% of the EHs that could hydrolyze 30 or more esters 
Figure 2. Hierarchical clustering of the substrate ranges of the EHs. Only EHs that hydrolyzed 10 or more esters were considered (107 in total, including 
CalA/B). This figure is created from data in the Supporting Information Table S3. The specific activities of the EHs for each of the 96 esters were 
determined as described in Figure 1. The list of the 96 esters tested and the frequency of each ester considered as a hit (in brackets) are shown on the left 
side. The ID code representing each EH is given at the bottom. Each hydrolase is named based on the code EH, which means Ester Hydrolase, 
followed by an arbitrary number from 1 to 145 for the most to least promiscuous enzyme. The number in brackets indicates the number of esters 
hydrolyzed by each enzyme. The biosource of each EH is indicated at the bottom with a number in white or black squares that follows the nomenclature 
in the Supporting Information Figure S1. The figure was created with the R language console using a binomial table with information about the activity/ 
inactivity (1/0) of the analyzed enzymes against the 96 substrates as a starting point. For the central graphic, which shows the data in Supporting 
Information Table S3, we used the drawing tools provided by the basic core packages of R. The hierarchical clusters of the enzymes (shown at the top) 
and substrates (shown on the right side) were generated by calculating a distance matrix using a binomial method and the hclust function to generate 
the tree. Using the functions as .phylo and plot.phylo from the ape package, the clusters were added to the top and right of the figure. A combination of 
the Set1 palette from the R package RColorBrewer and colors from the basic palette from R were used as the color palette for sequences assigned to each 
family (F; see inset), including FI to FVII, carbohydrate esterase (CE), and carbon−carbon meta-cleavage product hydrolase (C−C MCP) families, all 
with a typical α/β hydrolase fold, FVIII serine beta-lactamase with non α/β hydrolase fold, and cyclase-like protein from the amido-hydrolase 
superfamily. Sequences that were not unambiguously ascribed to existing families were referred to as Unclassified, and those of yeast origin were 
assigned to yeast class. The two clusters C1 and C2 that contained the most substrate-promiscuous EHs are color-coded under a shadowed background. 
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(mostly located in clusters C1 and C2 in Figure 2) were assigned 
to FIV,14,23 and this percentage increased to 84% when 
considering only those EHs that could hydrolyze 42 to 72 esters 
(Figure 2; cluster C1). In addition to FIV members, a FVIII 
serine beta-lactamase showed prominent substrate spectra 
(see cluster 1). Members of both families (FIV, 8; FVIII, 1; see 
cluster C1) hydrolyzed as many esters (from 61 to 72) as the 
yeast family member CalB (68 esters), the most promiscuous 
commercially available lipase preparation used for the production 
of fine chemicals.29 
Phylogeny was thus indicated as a predictive marker of the 
substrate range of EHs, as although a broad substrate scope was 
assigned to several sequence clusters, this feature was prevalent in 
members of FIV. A query sequence that matched FIV could be 
easily identified by means of the consensus motif GDSAGG 
around the catalytic serine; this family is also called the hormone-
sensitive lipase (HSL) family because a number of FIV EHs 
display a striking similarity to the mammalian HSL.14,23 
Noticeably, the location of some FIV members in functional 
clusters with narrow substrate spectra (Figure 2) suggests that 
factors other than phylogeny contribute to the substrate spectra 
of EHs. 
The Active Site Effective Volume Is a Prominent Marker 
of EH Promiscuity. Structural-to-substrate spectrum relation-
ships were further examined by protein−ligand simulations 
to find additional markers of promiscuity. Crystals from recom-
binant EH1,28 the protein with the broadest substrate range 
under our assay conditions, were obtained as described in the 
Supporting Information Methods. The enzyme with the widest 
substrate range was considered the best candidate for under-
standing the nature of promiscuity. This enzyme seems to have a 
wide active site environment as, under our assay conditions, 
it accepted 72 esters ranging from short (e.g., vinyl acetate) to 
large (e.g., 2,4-dichlorobenzyl-2,4-dichlorobenzoate; Figure 2). 
We also obtained crystals of recombinant EH102, which was 
isolated from the same habitat28 but had a restricted substrate 
range, hydrolyzing only 10 of the 96 esters tested (Figure 2). 
Crystallographic data and refinement statistics for the two 
structures are given in Supporting Information Table S4. 
To rationalize the substrate range shown by EH1 and EH102, 
we performed substrate migration studies using the software 
Protein Energy Landscape Exploration (PELE), which is an 
excellent tool to map ligand migration and binding, as shown in 
studies with diverse applications.30−32 To map the tendency of a 
substrate to remain close to the catalytic triad, the substrate was 
placed in a catalytic position, within a proton abstraction distance 
from the catalytic serine, and allowed to freely explore the exit 
from the active site. The PELE results for both proteins and 
glyceryl triacetate are shown in Figure 3a. Clearly, EH1 has a 
significantly better binding profile, with an overall lower binding 
energy and a better funnel shape, whereas EH102 had a quali-
tatively unproductive binding-energy profile. This difference in 
the binding mechanism can be explained by the catalytic triad 
environment. EH1 has a somewhat wide but buried active site, 
whereas EH102 has a surface-exposed catalytic triad (Figure 4a). 
These structural differences translate into significant changes in 
the active site volume, as defined using Fpocket; the active site 
cavity of EH1 is 3-fold larger than that of EH102. Moreover, 
important changes are observed when inspecting the solvent 
exposure of the cavity. Figure 3b shows the relative solvent 
accessible surface area (SASA) for the substrate along the 
exploration of PELE, computed as a (dimensionless) percentage 
(0−1) of the ligand SASA in solution. Even at catalytic positions 
(distance Ser(O)−substrate(C) ∼ 3−4 Å), in EH102 we observe 
that ∼40% of the surface of the substrate is accessible to the 
solvent, which greatly destabilizes the substrate and facilitates 
escape to the bulk solvent. By contrast, EH1 has a larger but 
almost fully occluded site, with relative SASA values of approxi-
mately 0−10%, which can better stabilize the substrate. 
After defining key points underlying the promiscuity of EH1, 
i.e., a larger active site volume and a lower SASA (Figure 4a), 
we extended the analysis to other EHs. First, we collected all 
11 available crystal structures (Supporting Information Table S1) 
and computed the active site volume and relative SASA of the 
catalytic triad (Figure 5, square symbols). We next extended the 
analysis to the rest of the EHs using homology modeling (using 
the 11 crystals available) and produced a structural model for 84 
additional enzymes. The missing ones were those with sequence 
identities of less than 25% (to an existing crystal) or those for 
which the catalytic triad could not be unambiguously identified 
(i.e., not suitable alignments). Figure 5 (circle symbols) shows 
the active site effective volume data for all structural models. 
The analysis indicated a ratio threshold of 62.5 Å3 for quali-
tatively classifying substrate promiscuity. Note that the relative 
SASA of the catalytic triad (derived from the GetArea server, 
see Supporting Information Methods) adopts values of 0−100; 
the actual value of the effective volume threshold will depend on 
the chosen range. We observed that values equal to or higher 
Figure 3. Protein Energy Landscape Exploration (PELE) analysis. Panel a shows the protein−substrate interaction plots for EH1 (red) and EH102 
(blue). Panel b shows the relative SASA for glyceryl triacetate in EH1 (red) and EH102 (blue) computed as a dimensionless ratio (0−1) using PELE. 
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than 62.5 Å3 corresponded to EHs with activity for 20 or more of 
the 96 substrates tested and the opposite. There were only six 
outliers out of 95 EHs that did not follow this rule. Thus, the 
performance is of excellent (with 94%) accuracy if used as a 
classifier. The effective volume, however, does not have quanti-
tative predictions for the exact number of esters hydrolyzed 
(r2 0.16 for data in Figure 5), most likely because above the 
62.5 Å3 threshold, the capability to hydrolyze more or less 
substrates may specifically depend on the topology of the 
catalytic environment (Figure 4a−c), which may differ within 
families. Particularly, none of the different family members that 
conformed to the ≥62.5 Å3 threshold, except those from FIV 
(i.e., at least 50% of its members as shown in Figure 5, gray circle 
symbols) and CalB, could hydrolyze 42 or more esters. 
Therefore, the classification potential of the effective volume 
measure increased when combined with phylogenetic data. 
Noticeably, we observed that the predictive capacity of cavity 
volume/SASA is not influenced by the presence of flexible 
elements in the structure (Supporting Information Results). 
The Active Site Effective Volume Is Also Indicative of 
Molecules Being Accepted As Substrates. We further used 
the active site cavity volume/SASA to also dissect its role in 
substrate specificity. We restricted the analysis to the 96 EHs for 
which this value could be unambiguously calculated (see above). 
The analysis indicated that the conversion of 34 esters was only 
observed for EHs conforming to the ≥62.5 Å3 threshold 
(Supporting Information Figure S3). All but two (vinyl crotonate 
and ethyl acetate) could be considered large alkyl or hindered 
aromatic esters and included important molecules in synthetic 
organic chemistry such as paraben esters. This suggests that 
active sites with larger volume and a lower SASA (i.e., cavity less 
exposed to the surface) will most likely support hydrolysis of 
these esters. Therefore, the effective volume measure could be 
used to some extent as an indicator of substrates that may or may 
not be hydrolyzed by EHs. However, not all EHs fitting the 
≥62.5 Å3 threshold could convert all 34 of these esters, implying 
that this measure does not allow deepening into substrate 
specificity, which may depend on the topology of the catalytic 
environments as mentioned previously (Figure 4a−c). However, 
we found that the probability that benzyl-, butyl-, and propyl-
paraben esters, major intermediates in chemical synthesis, are 
converted by members of the FIV with an effective volume ≥ 
62.5 Å3 is significantly higher (∼35%) than that of EHs from FIV 
with a volume < 62.5 Å3 and EHs from other families, whatever 
the value of the effective volume (approaching zero percent 
in our study); for those EHs for which effective volume could 
not be calculated, this probability is as low as 1.9% (Supporting 
Information Figure S4). This again exemplifies that the effective 
volume measure, when combined with phylogenetic informa-
tion, is not only indicative of a promiscuity level but also can be 
used to predict the capacity to hydrolyze esters such as paraben 
esters. Screen programs to find EHs capable of converting 
Figure 4. Catalytic triad exposure of selected EHs with the broadest and 
lowest substrate ranges. (a) The catalytic triad (ball-and-sticks) and 
the main adjacent cavity (gray clouds) as detected by SiteMap are 
underlined to demonstrate the differences between a promiscuous 
(EH1) and nonpromiscuous (EH102) EHs. EH1 can hydrolyze 72 esters 
and has a defined hidden binding cavity (effective volume: 166.7 Å3). 
EH102, by contrast, can hydrolyze only 10 esters and has a surface-
exposed triad (high SASA) and an almost negligible binding cavity 
(38.5 Å3). The three top EHs with the broadest substrate ranges (b), 
positioned in the ranking after EH1, and the commercial CalB and CalA 
lipases (c), are also represented. On each panel, we highlight the 
catalytic triad and the main adjacent cavity as detected by SiteMap, 
demonstrating the differences in active site topology. EH2, EH3, and 
EH4, all assigned to FIV (as EH1), hydrolyzed 71, 69, and 67 esters and 
have defined but distinct hidden binding cavities (500, 200, and 200 Å3 , 
in the same order), as EH1. CalB, which was capable of hydrolyzing 
68 esters, has a binding cavity (200 Å3) that is also hidden but highly 
different from those of the other EHs. CalA, by contrast, hydrolyzed 
only 36 esters and has a low surface-exposed triad (SASA), with 
restrictive access to the catalytic triad (1000 Å3). 
Figure 5. Defining of the substrate range of the EH by topology of the 
catalytic environment. The figure shows the relationships between 
the active site effective volume (in Å3) and  enzyme  promiscuity  
(number of substrates hydrolyzed). Note that the presented data 
were obtained using the active site cavity volume computed in Å3 and 
SASA as a dimensionless ratio from 0 to 100 using the GetArea server 
(http://curie.utmb.edu/getarea.html). The panel contains informa-
tion for EHs for which crystal structures (square) and homology 
models (circles) could be unambiguously established (sequence 
identity ≥25%) and the catalytic triad identified. Gray circles and 
squares indicate the EHs assigned to FIV. The analysis indicated a 
threshold ratio (indicated by a horizontal dashed gray line) at which it 
is possible to qualitatively classify substrate promiscuity based on 
hydrolysis of at least 20 substrates. Phylogenetic analysis further extended 
the substrate spectra to ≥42 esters, as only enzymes assigned to FIV and 
conforming to the 62.5 Å3 threshold, together with CalB, were capable of 
converting such a high number of esters. The positioning for the 
commercial CalA and CalB lipases is indicated. 
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paraben esters should most likely be directed to find those 
assigned to FIV and with cavity volume/SASA ≥ 62.5 Å3 . 
The Effective Volume Is Also a Marker of Substrate 
Promiscuity in Proteins Other than EHs. In order to evaluate 
the possibility that the active site effective volume may be a 
marker of substrate promiscuity in other enzymes, substrate 
spectra-effective volume relationships should be investigated in 
other protein families. In this line, Huang et al.1 recently per-
formed a systematic analysis of the substrate spectra of 200 
phosphatases of the HAD superfamily, when tested against a set 
of 167 substrates. We collected the available crystal structures 
of each of the HAD phosphatases (Supporting Information 
Table S5) and computed the active site effective volume. 
We restricted the analysis to C2 cap members as they were 
reported to have a broader substrate spectrum,1 and crystal 
structures with low to high effective volume are available. 
Interestingly, we observed that the effective volume (using the 
two conserved aspartic catalytic residues as the corrective SASA 
factor) was highly correlated (r2 0.92) with the substrate range 
(Figure 6). Thus, the effective volume can be used as a molecular 
classification parameter of substrate promiscuity of phosphatases 
of the HAD superfamily when crystal structures are available. 
When this analysis was extended to the rest of the enzymes using 
homology modeling, we observed a similar trend to that of EHs 
(Supporting Information Figure S5). That is, no correlation 
existed (r2 0.043), but still the effective volume can be used as a 
classifier of the substrate range as for EHs. Indeed, although a 
threshold could not be unambiguously established, sequences 
with the top 10 effective volumes belong to moderate-high to 
high promiscuity enzymes. 
In conclusion, we found that the topology around the catalytic 
position, by means of an active site effective volume (cavity 
volume/SASA) threshold, is a dominant criterion of substrate 
promiscuity in EHs, which can be further extended by adding 
phylogenetic analysis. The rationale behind this parameter is as 
follows. Large volumes increase promiscuity until a certain value 
at which the cavity becomes too exposed and is not capable of 
properly accommodating and, importantly, retaining the 
substrate in specific catalytic binding interactions. This point is 
well captured by the SASA percentage of the catalytic triad, a 
dimensionless ratio that corrects for large volume measures in 
exposed sites. Importantly, the parameters of active site volume 
and relative SASA can be easily transferred to other systems. 
Indeed, the fact that the EHs investigated herein have different 
folds and that this parameter was also a marker of substrate 
spectra for phosphatases of the HAD superfamily opens the 
possibility of applying the effective volume measure to other 
enzymes requiring substrate anchoring. In all cases, the effective 
volume threshold-to-substrate relationships must be established. 
We would like to make note that the active site volume is not a 
static property, as the active site will breathe, depending on how 
flexible the protein is. In addition to that, the 62.5 Å3 threshold 
for qualitatively classifying substrate promiscuity is based on the 
analysis of 147 EHs when tested against 96 esters. Although 
increasing the number of EHs and esters may influence this 
threshold and increase accuracy, it will not affect the fact that the 
measurement of the effective volume (cavity volume/SASA) can 
be used as the first molecular classification method of substrate 
promiscuity in EHs. 
Our measurement is not a quantitative one, but rather a 
qualitative ranking (classification) procedure that will allow, 
for example, selecting sequences in databases for expression, 
particularly those encoding promiscuous enzymes capable of 
converting multiple substrates. This will substantially reduce 
reagent and labor costs compared to methods requiring the 
extensive cloning of all genes, and the expression and charac-
terization of all enzymes in databases to later find those being 
promiscuous.33 This possibility was herein examined by 
successfully mapping the open reading frames from the TARA 
Oceans project assemblies34 and by identifying a high number of 
sequences encoding EHs with presumptive prominent substrate 
promiscuity (Supporting Information Results, Figures S6 and S7). 
Application of the effective volume measure to examine the 
sequences daily generated or deposited in databases requires 
having some crystals or X-ray structures for the model 
production. This limitation prevents predicting promiscuity 
from sequences lacking any structural information. Indeed, 36% 
of the EHs in this study (52 of the 147, including CalA/B) could 
not be included in the correlation because no calculation was 
possible. Accumulation of structural information and design 
and application of better modeling algorithms in the future will 
help solving this limitation.35 Future studies might also explore 
molecular dynamics (MD) simulations to measure also the 
flexibility of the active site and not just the size of the cavity. 
By using this strategy, it was recently reported that the broad 
promiscuity of the members of the alkaline phosphatase 
superfamily arises from cooperative electrostatic interactions in 
the active site, allowing each enzyme to adapt to the electrostatic 
needs of different substrates.36 In the particular case of EH 
phylogeny, a marker which does not require a three-dimensional 
structure was also suggested as a predictive classification marker 
of the substrate range. Indeed, this study suggests that in case of 
an unknown EH for which a crystal structure is not available or a 
homology model could not be established, then its assignation to 
family IV14,23 increases the likelihood that this EH is promiscuous. 
The present study not only provides clear evidence that 
substrate promiscuity in EHs has evolved from different core 
structural domains fitting an effective volume around the active 
Figure 6. Relationships between the active site effective volume (in Å3) 
and enzyme promiscuity (number of substrates hydrolyzed) of C2 
members of HAD phosphatases. The number of substrates converted by 
each HAD phosphatase was obtained from Huang et al. 1 and is 
summarized in Supporting Information Table S5. The panels contain 
information for HAD phosphatases for which crystal structures were 
available and the catalytic residues identified. The active site effective 
volume (in Å3) was calculated as described in Figure 5. 
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site, albeit with a bias toward that occurring in FIV members, but 
also from different phylogenetic lineages, many of which remain 
underexplored to date (Supporting Information Results and 
Figure S2). These are new findings as it was previously thought 
that the substrate range in a superfamily increased from a single 
ancestral core domain,1 and because the identities of some 
microbial groups containing promiscuous enzymes, herein EHs, 
were previously unknown. Finally, this study also enabled the 
selection of a set of EH candidates that can compete with best 
commercial EHs such as CalB, as they show a broader substrate 
profile and specific activities up to 3-fold higher (Supporting 
Information Table S6). Their sequences can be used to search 
databases for similar promiscuous EHs. Further investigations 
should also determine the occurrence of other types of promiscuous 
EH phenotypes with broader substrate ranges than those iden-
tified in this study. For example, at least the stability of substrate-
promiscuous EHs at different temperatures and with various 
solvents, along with the occurrence and evolution of secondary 
reactions, should be investigated in terms of condition and 
catalytic promiscuity. 
■ METHODS 
Protein Samples. Two main sources of EHs were used in the 
present study, all of them isolated via naive and sequence-based screens 
in genomes and metagenomes. A first set of samples was EHs previously 
reported, as in the bibliography (69 in total), and that were herein 
substrate-profiled for first time. A second set was EHs (77) that are 
herein reported for first time. The extensive details of the source, 
cloning, expression, and purification of each of the active and soluble 
EHs are provided in the Supporting Information Methods and Table S1. 
Ester Bond Hydrolysis Activity Assessment: Substrate 
Profiling Tests with 96 Esters. Hydrolytic activity was assayed at 
550 nm using 96 structurally diverse esters in 384-well plates as 
previously described.24,27,28 Before the assay, a concentrated stock 
solution of the esters was prepared at a concentration of 100 mg mL−1 in 
acetonitrile and dimethyl sulfoxide (DMSO). The assays were 
conducted according to the following steps. First, a 384-well plate 
(Molecular Devices, LLC, CA, USA) was filled with 20 μL of 5 mM  
N-(2-hydroxyethyl)piperazine-N′-(3-propanesulfonic acid (EPPS) buffer, 
at pH 8.0, using a QFill3 microplate filler (Molecular Devices, LLC, CA, 
USA). Second, 2 μL of each ester stock solution was added to each well 
using a PRIMADIAG liquid-handling robot (EYOWN TECHNOLO-
GIES SL, Madrid, Spain). The ester was dispensed in replicates. After 
adding the esters, the 384-well plate was filled with 20 μL of 5 mM EPPS 
buffer, at pH 8.0, containing 0.912 mM Phenol Red (used as a pH 
indicator) using a QFill3 microplate filler. The final ester concentration 
of the ester in each well was 1.14 mg mL−1, and the final concentration of 
Phenol Red was 0.45 mM. A total of 2 μL of protein extract (containing 
1−5 mg mL−1 pure protein or 200 mg mL−1 wet cells expressing 
proteins) was immediately added to each well using an Eppendorf 
Repeater M4 pipet (Eppendorf, Hamburg, Germany) or a PRIMADIAG 
liquid-handling robot. Accordingly, the total reaction volume was 44 μL, 
with 4.5% (v/v) acetonitrile or DMSO in the reaction mixture. After 
incubation at 30 C in a Synergy HT Multi-Mode Microplate Reader, 
ester hydrolysis was measured spectrophotometrically in continuous 
mode at 550 nm for a total time of 24 h. Commercially available CALA L 
and CALB L (Novozymes A/S, Bagsvaerd, Denmark) were diluted 
10-fold with 5 mM EPPS buffer, at pH 8.0, and 2 μL of this solution was 
used immediately for reaction tests under the conditions described 
before. In all cases, specific activities (in U g−1 protein) were determined. 
One unit (U) of enzyme activity was defined as the amount of wet cells 
expressing EHs or pure EHs required to transform 1 μmol of substrate in 
1 min under the assay conditions using the reported extinction coef-
ficient (εPhenol red at 550 nm 8450 M−1 cm−1). All values were corrected 
for nonenzymatic transformation (i.e., the background rate) and for the 
background signal using E. coli cells that did not express any target 
protein (control cells included empty vectors). Note that a positive 
reaction was indicated by the restrictive criterion of a change greater 
than 6-fold above the background signal. Specific activity determinations 
(in U g−1) for wet cells expressing each of the selected EHs or pure or 
commercial proteins are available in Supporting Information Tables S3 
and S6, respectively. 
Structural Determinations and Homology Modeling. 
The proteins EH1 and EH102 were expressed, purified, and crystallized 
using the sitting-drop method in Intelliplate 96-well plates and a 
Mosquito liquid-handling robot (TTP LabTech) according to 
previously described procedures.37 For EHs for which crystal structures 
were not available, homology models were developed using Prime 
software from Schrodinger. Prime uses BLAST (with BLOSUM62 
matrix) for homology search and alignment and refines the results using 
the Pfam database and pairwise alignment with ClustalW. 
Protein Energy Landscape Exploration (PELE) Simulations. 
We used Protein Energy Landscape Exploration (PELE) software to 
sample the binding modes of glyceryl triacetate with EH1 and 
EH102.38,39 The initial structures were taken from the coordinates of 
the EH1 and EH102 crystal structures (PDB codes: 5JD4 and 5JD3, 
respectively). The protonation state of titratable residues was estimated 
with the Protein Preparation Wizard (PROPKA)40 and the H++ server 
(http://biophysics.cs.vt.edu/H++) followed by visible inspection. 
At pH 8 (the pH at which the activity assays were performed), the 
catalytic triad histidine residues were δ-protonated, and the catalytic 
triad aspartic acid residues were deprotonated, resulting in the formation 
of a histidine-serine and histidine-aspartic hydrogen-bonding network. 
The glyceryl triacetate structure was fully optimized with Jaguar41 in an 
implicit solvent, and the electrostatic potential charges were computed 
with the density functional M06 at the 6-31G* level of theory. 
The ligand parameters were extracted from these for the classic simu-
lations. 
Cavity Volume and Solvent Accessible Surface Area (SASA) 
calculation. The relative Solvent Accessible Surface Area (SASA) for a 
residue was obtained using the GetArea Web server. 42 Cavity volumes 
were computed with Fpocket,43 a very fast open-source protein pocket 
(cavity) detection algorithm based on Voronoi tessellation. Fpocket 
includes two other programs (dpocket and tpocket) that allow the 
extraction of pocket descriptors and the testing of owned scoring 
functions, respectively. 
For extensive details of the methods, see Supporting Information 
Methods. 
■ ASSOCIATED CONTENT 
*S Supporting Information 
The Supporting Information is available free of charge on the ACS 
Publications website at DOI: 10.1021/acschembio.7b00996. 
Supporting Results, Methods, Figures S1−S7, and 
Table S4 (PDF) 
Tables S1−S3, S5, and S6 (XLS) 





Gerard Santiago: 0000-0002-0506-3049 
Jurgen Pleiss: 0000-0003-1045-8202 
Alexander F. Yakunin: 0000-0003-0813-6490 
Víctor Guallar: 0000-0002-4580-1114 
Manuel Ferrer: 0000-0003-4962-4714 
Present Addresses 
γCurrent address: School of Chemistry, Bangor University, 
LL57 2UW Bangor, UK.
δCurrent address: Lehrstuhl fur Biotechnologie, RWTH Aachen 
University, Aachen, Germany. 
ACS Chemical Biology Articles 
DOI: 10.1021/acschembio.7b00996 








ϵCurrent address: Carl R. Woese Institute for Genomic Biology, 
Urbana, USA. 
Author Contributions 
ζThese authors contributed equally to this work. 
Author Contributions 
 These authors contributed equally in coordinating activities. 
Notes 
The authors declare no competing financial interest. 
■ ACKNOWLEDGMENTS 
C.C. thanks the Spanish Ministry of Economy, Industry and 
Competitiveness for a Ph.D. fellowship (Grant BES-2015-
073829). V.M. thanks the Francisco Jose de Caldas Scholarship 
Program (Administrative Department of Science, Technology 
and Innovation, COLCIENCIAS). The authors acknowledge the 
members of the MAMBA, MAGICPAH, ULIXES, KILLSPILL 
and INMARE Consortia for their support in sample collection. 
David Rojo is also acknowledged for his valuable help with log P 
calculations. This project received funding from the European 
Union s Horizon 2020 research and innovation program [Blue 
Growth: Unlocking the potential of Seas and Oceans] under 
grant agreement no. 634486 (project acronym INMARE). 
This research was also supported by the European Community 
Projects MAGICPAH (FP7-KBBE-2009-245226), ULIXES 
(FP7-KBBE-2010-266473), and KILLSPILL (FP7-KBBE-
2012-312139) and grants BIO2011-25012, PCIN-2014-107, 
BIO2014-54494-R, and CTQ2016-79138-R from the Spanish 
Ministry of Economy, Industry and Competitiveness. The present 
investigation was also funded by the Spanish Ministry of Economy, 
Industry and Competitiveness within the ERA NET IB2, grant no. 
ERA-IB-14-030 (MetaCat), the UK Biotechnology and Biological 
Sciences Research Council (BBSRC), grant no. BB/M029085/1, 
and the German Research Foundation (FOR1296). R.B. and 
P.N.G. acknowledge the support of the Supercomputing Wales 
project, which is part-funded by the European Regional 
Development Fund (ERDF) via the Welsh Government. 
O.V.G. and P.N.G. acknowledge the support of the Centre of 
Environmental Biotechnology Project funded by the European 
Regional Development Fund (ERDF) through the Welsh 
Government. A.Y. and A.S. gratefully acknowledge funding 
from Genome Canada (2009-OGI-ABC-1405) and the NSERC 
Strategic Network grant IBN. A.I.P. was supported by the 
Counseling of Economy and Employment of the Principality of 
Asturias, Spain (Grant FC-15-GRUPIN14-107). V.G. acknowl-
edges the joint BSC-CRG-IRB Research Program in Computa-
tional Biology. The authors gratefully acknowledge financial 
support provided by the European Regional Development Fund 
(ERDF). 
■ REFERENCES 
(1) Huang, H., Pandya, C., Liu, C., Al-Obaidi, N. F., Wang, M., Zheng, 
L., Toews Keating, S., Aono, M., Love, J. D., Evans, B., Seidel, R. D., 
Hillerich, B. S., Garforth, S. J., Almo, S. C., Mariano, P. S., Dunaway-
Mariano, D., Allen, K. N., and Farelli, J. D. (2015) Panoramic view of a 
superfamily of phosphatases through substrate profiling. Proc. Natl. 
Acad. Sci. U. S. A. 112, E1974−1983. 
(2) Huang, R., Hippauf, F., Rohrbeck, D., Haustein, M., Wenke, K., 
Feike, J., Sorrelle, N., Piechulla, B., and Barkman, T. J. (2012) Enzyme 
functional evolution through improved catalysis of ancestrally non-
preferred substrates. Proc. Natl. Acad. Sci. U. S. A. 109, 2966−2971. 
(3) Yip, S. H., and Matsumura, I. (2013) Substrate ambiguous enzymes 
within the Escherichia coli proteome offer different evolutionary 
solutions to the same problem. Mol. Biol. Evol. 30, 2001−2012. 
(4) Price, D. R., and Wilson, A. C. (2014) Substrate ambiguous enzyme 
facilitates genome reduction in an intracellular symbiont. BMC Biol. 12, 
110. 
(5) Devamani, T., Rauwerdink, A. M., Lunzer, M., Jones, B. J., Mooney, 
J. L., Tan, M. A., Zhang, Z. J., Xu, J. H., Dean, A. M., and Kazlauskas, R. J. 
(2016) Catalytic promiscuity of ancestral esterases and hydroxynitrile 
lyases. J. Am. Chem. Soc. 138, 1046−1056. 
(6) Hult, K., and Berglund, P. (2007) Enzyme promiscuity: mechanism 
and applications. Trends Biotechnol. 25, 231−238. 
(7) Copley, S. D. (2015) An evolutionary biochemist s perspective on 
promiscuity. Trends Biochem. Sci. 40, 72−78. 
(8) London, N., Farelli, J. D., Brown, S. D., Liu, C., Huang, H., 
Korczynska, M., Al-Obaidi, N. F., Babbitt, P. C., Almo, S. C., Allen, K. N., 
and Shoichet, B. K. (2015) Covalent docking predicts substrates for 
haloalkanoate dehalogenase superfamily phosphatases. Biochemistry 54, 
528−537. 
(9) Nobeli, I., Favia, A. D., and Thornton, J. M. (2009) Protein 
promiscuity and its implications for biotechnology. Nat. Biotechnol. 27, 
157−167. 
(10) Ferrer, M., Martínez-Martínez, M., Bargiela, R., Streit, W. R., 
Golyshina, O. V., and Golyshin, P. N. (2016) Estimating the success of 
enzyme bioprospecting through metagenomics: current status and 
future trends. Microb. Biotechnol. 9, 22−34. 
(11) Braakman, R., and Smith, E. (2014) Metabolic evolution of a 
deep-branching hyperthermophilic chemoautotrophic bacterium. PLoS 
One 9, e87950. 
(12) Giovannoni, S. J., Cameron Thrash, J., and Temperton, B. (2014) 
Implications of streamlining theory for microbial ecology. ISME J. 8, 
1553−1565. 
(13) Lan, T., Wang, X. R., and Zeng, Q. Y. (2013) Structural and 
functional evolution of positively selected sites in pine glutathione S-
transferase enzyme family. J. Biol. Chem. 288, 24441−24451. 
(14) Ferrer, M., Bargiela, R., Martínez-Martínez, M., Mir, J., Koch, R., 
Golyshina, O. V., and Golyshin, P. N. (2015) Biodiversity for 
biocatalysis: A review of the α/β-hydrolase fold superfamily of 
esterases-lipases discovered in metagenomes. Biocatal. Biotransform. 
33, 235−249. 
(15) Schmid, A., Dordick, J. S., Hauer, B., Kiener, A., Wubbolts, M., and 
Witholt, B. (2001) Industrial biocatalysis today and tomorrow. Nature 
409, 258−268. 
(16) Koudelakova, T., Chovancova, E., Brezovsky, J., Monincova, M., 
Fortova, A., Jarkovsky, J., and Damborsky, J. (2011) Substrate specificity 
of haloalkane dehalogenases. Biochem. J. 435, 345−354. 
(17) Risso, V. A., Gavira, J. A., Mejia-Carmona, D. F., Gaucher, E. A., 
and Sanchez-Ruiz, J. M. (2013) Hyperstability and substrate 
promiscuity in laboratory resurrections of Precambrian β-lactamases. 
J. Am. Chem. Soc. 135, 2899−2902. 
(18) Amin, S. R., Erdin, S., Ward, R. M., Lua, R. C., and Lichtarge, O. 
(2013) Prediction and experimental validation of enzyme substrate 
specificity in protein structures. Proc. Natl. Acad. Sci. U. S. A. 110, 
E4195−4202. 
(19) Anton, B. P., Chang, Y. C., Brown, P., Choi, H. P., Faller, L. L., 
Guleria, J., Hu, Z., Klitgord, N., Levy-Moonshine, A., Maksad, A., 
Mazumdar, V., McGettrick, M., Osmani, L., Pokrzywa, R., Rachlin, J., 
Swaminathan, R., Allen, B., Housman, G., Monahan, C., Rochussen, K., 
Tao, K., Bhagwat, A. S., Brenner, S. E., Columbus, L., de Crecy-Lagard, 
V., Ferguson, D., Fomenkov, A., Gadda, G., Morgan, R. D., Osterman, A. 
L., Rodionov, D. A., Rodionova, I. A., Rudd, K. E., Soll, D., Spain, J., Xu, 
S. Y., Bateman, A., Blumenthal, R. M., Bollinger, J. M., Chang, W. S., 
Ferrer, M., Friedberg, I., Galperin, M. Y., et al. (2013) The COMBREX 
project: design, methodology, and initial results. PLoS Biol. 11, 
e1001638. 
(20) Colin, P. Y., Kintses, B., Gielen, F., Miton, C. M., Fischer, G., 
Mohamed, M. F., Hyvonen, M., Morgavi, D. P., Janssen, D. B., and 
Hollfelder, F. (2015) Ultrahigh-throughput discovery of promiscuous 
enzymes by picodroplet functional metagenomics. Nat. Commun. 6, 
10008. 
(21)  Chen, C.,  Huang,  H., and  Wu, C. H. (2017)  Protein  
bioinformatics databases and resources. Methods Mol. Biol. 1558, 3−39. 
ACS Chemical Biology Articles 
DOI: 10.1021/acschembio.7b00996 








(22) Fischer, M., and Pleiss, J. (2003) The Lipase Engineering 
Database: a navigation and analysis tool for protein families. Nucleic 
Acids Res. 31, 319−321. 
(23) Arpigny, J. L., and Jaeger, K. E. (1999) Bacterial lipolytic enzymes: 
classification and properties. Biochem. J. 343, 177−183. 
(24) Alcaide, M., Tornes, J., Stogios, P. J., Xu, X., Gertler, C., Di Leo, R., 
Bargiela, R., Lafraya, A., Guazzaroni, M. E., Lopez-Cortes, N., 
Chernikova, T. N., Golyshina, O. V., Nechitaylo, T. Y., Plumeier, I., 
Pieper, D. H., Yakimov, M. M., Savchenko, A., Golyshin, P. N., and 
Ferrer, M. (2013) Single residues dictate the co-evolution of dual 
esterases: MCP hydrolases from the α/β hydrolase family. Biochem. J. 
454, 157−166. 
(25) Lombard, V., Bernard, T., Rancurel, C., Brumer, H., Coutinho, P. 
M., and Henrissat, B. (2010) A hierarchical classification of 
polysaccharide lyases for glycogenomics. Biochem. J. 432, 437−444. 
(26) Popovic, A., Hai, T., Tchigvintsev, A., Hajighasemi, M., Nocek, B., 
Khusnutdinova, A. N., Brown, G., Glinos, J., Flick, R., Skarina, T., 
Chernikova, T. N., Yim, V., Bruls, T., Paslier, D. L., Yakimov, M. M., 
Joachimiak, A., Ferrer, M., Golyshina, O. V., Savchenko, A., Golyshin, P. 
N., and Yakunin, A. F. (2017) Activity screening of environmental 
metagenomic libraries reveals novel carboxylesterase families. Sci. Rep. 7, 
44103. 
(27) Janes, L. E., Lowendahl, C., and Kazlauskas, R. J. (1998) Rapid 
quantitative screening of hydrolases using pH indicators. Finding 
enantioselective hydrolases. Chem. Eur. J. 4, 2317−2324. 
(28) Martínez-Martínez, M., Alcaide, M., Tchigvintsev, A., Reva, O., 
Polaina, J., Bargiela, R., Guazzaroni, M. E., Chicote, A., Canet, A., Valero, 
F., Rico Eguizabal, E., Guerrero, Mdel C., Yakunin, A. F., and Ferrer, M. 
(2013) Biochemical diversity of carboxyl esterases and lipases from Lake 
Arreo (Spain): a metagenomic approach. Appl. Environ. Microbiol. 79, 
3553−3562. 
(29) Daiha, K. d. G., Angeli, R., de Oliveira, S. D., and Almeida, R. V. 
(2015) Are lipases still important biocatalysts? A study of scientific 
publications and patents for technological forecasting. PLoS One 10, 
e0131624. 
(30) Borrelli, K. W., Cossins, B., and Guallar, V. (2009) Exploring 
hierarchical refinement techniques for induced fit docking with protein 
and ligand flexibility. J. Comput. Chem. 31, 1224−1235. 
(31) Hernandez-Ortega, A., Borrelli, K., Ferreira, P., Medina, M., 
Martínez, A. T., and Guallar, V. (2011) Substrate diffusion and oxidation 
in GMC oxidoreductases: an experimental and computational study on 
fungal aryl-alcohol oxidase. Biochem. J. 436, 341−350. 
(32) Santiago, G., de Salas, F., Lucas, F., Monza, E., Acebes, S., 
Martínez, A., Camarero, S., and Guallar, V. (2016) Computer-aided 
laccase engineering: toward biological oxidation of arylamines. ACS 
Catal. 6, 5415−5423. 
(33) Barak, Y., Nov, Y., Ackerley, D. F., and Matin, A. (2008) Enzyme 
improvement in the absence of structural knowledge: a novel statistical 
approach. ISME J. 2, 171−179. 
(34) Sunagawa, S., Coelho, L. P., Chaffron, S., Kultima, J. R., Labadie, 
K., Salazar, G., Djahanschiri, B., Zeller, G., Mende, D. R., Alberti, A., 
Cornejo-Castillo, F. M., Costea, P. I., Cruaud, C., d Ovidio, F., Engelen, 
S., Ferrera, I., Gasol, J. M., Guidi, L., Hildebrand, F., Kokoszka, F., 
Lepoivre, C., Lima-Mendez, G., Poulain, J., Poulos, B. T., Royo-Llonch, 
M., Sarmento, H., Vieira-Silva, S., Dimier, C., Picheral, M., Searson, S., 
Kandels-Lewis, S., Bowler, C., de Vargas, C., Gorsky, G., Grimsley, N., 
Hingamp, P., Iudicone, D., Jaillon, O., Not, F., Ogata, H., Pesant, S., 
Speich, S., Stemmann, L., Sullivan, M. B., Weissenbach, J., Wincker, P., 
Karsenti, E., Raes, J., Acinas, S. G., Bork, P., et al. (2015) Structure and 
function of the global ocean microbiome. Science 348, 1261359. 
(35) Moult, J., Fidelis, K., Kryshtafovych, A., Schwede, T., and 
Tramontano, A. (2016) Critical assessment of methods of protein 
structure prediction: Progress and new directions in round XI. Proteins: 
Struct., Funct., Genet. 84 (Suppl 1), 4−14. 
(36) Barrozo, A., Duarte, F., Bauer, P., Carvalho, A. T. P., and Kamerlin, 
S. C. L. (2015) Cooperative electrostatic interactions drive functional 
evolution in the alkaline phosphatase superfamily. J. Am. Chem. Soc. 137, 
9061−9076. 
(37) Alcaide, M., Stogios, P. J., Lafraya, A., Tchigvintsev, A., Flick, R., 
Bargiela, R., Chernikova, T. N., Reva, O. N., Hai, T., Leggewie, C. C., 
Katzke, N., La Cono, V., Matesanz, R., Jebbar, M., Jaeger, K. E., Yakimov, 
M. M., Yakunin, A. F., Golyshin, P. N., Golyshina, O. V., Savchenko, A., 
and Ferrer, M. (2015) Pressure adaptation is linked to thermal 
adaptation in salt-saturated marine habitats. Environ. Microbiol. 17, 332− 
345. 
(38) Kaminski, G. A., Friesner, R. A., Tirado-Rives, J., and Jorgensen, 
W. L. (2001) Evaluation and reparametrization of the OPLS-AA force 
field for proteins via comparison with accurate quantum chemical 
calculations on peptides. J. Phys. Chem. B 105, 6474−6487. 
(39) Borrelli, K. W., Vitalis, A., Alcantara, R., and Guallar, V. (2005) 
PELE: Protein Energy Landscape Exploration. A Novel Monte Carlo 
Based Technique. J. Chem. Theory Comput. 1, 1304−1311. 
(40) Madhavi Sastry, G., Adzhigirey, M., Day, T., Annabhimoju, R., and 
Sherman, W. (2013) Protein and ligand preparation: parameters, 
protocols, and influence on virtual screening enrichments. J. Comput.-
Aided Mol. Des. 27, 221−234. 
(41) Bochevarov, A. D., Harder, E., Hughes, T. F., Greenwood, J. R., 
Braden, D. A., Philipp, D. M., Rinaldo, D., Halls, M. D., Zhang, J., and 
Friesner, R. A. (2013) Jaguar: A high-performance quantum chemistry 
software program with strengths in life and materials sciences. Int. J. 
Quantum Chem. 113, 2110−2142. 
(42) Fraczkiewicz, R., and Braun, W. (1998) Exact and efficient 
analytical calculation of the accessible surface areas and their gradients 
for macromolecules. J. Comput. Chem. 19, 319. 
(43) Le Guilloux, V., Schmidtke, P., and Tuffery, P. (2009) Fpocket: 
An open source platform for ligand pocket detection. BMC Bioinf. 10, 
168. 
ACS Chemical Biology Articles 
DOI: 10.1021/acschembio.7b00996 












            
     
 
                  
             
                
            
              
              
                  
               
                
         
              
                
                
            
               
              
                    














Chapter 2: Relationships between substrate promiscuity and chiral selectivity of esterases from
phylogenetically and environmentally diverse microorganisms.
This contribution is an extension of the one described in Chapter 1. While the main objective of the
previous Chapter was to identify substrate promiscuous ester-hydrolases and to establish the reasons
why they have a broader specificity compared to others, in Chapter 2 we investigated the relationship
between the substrate promiscuity and the enantio-selectivity and, in consequence, evaluated whether
substrate promiscuous ester-hydrolases are also enantio-specific or not. For that, we have analyzed the
biocatalytic data generated for the 145 ester-hydrolases described in Chapter 1. Particularly, we have
focused on the analysis of the activity against 20 chiral compounds which were included in the 96 ester
library used for substrate fingerprint. The apparent enantio-selectivity was measured by the ratio of the
specific activity of the preferred over the non-preferred chiral ester when both chiral esters were tested
separately, which is called the apparent selectivity factor.
We have found that promiscuous ester-hydrolases, that is, with broad substrate specificity, are commonly
not enantio-specific. This could be a foreseeable result as it is known that promiscuous enzymes can
accommodate a wide variety of substrate molecules into its active site. However, we were able to
accurately determine the percentage of enantio-selective ester-hydrolases relative to the total of ester-
hydrolases in our collection. As long as we know that most promiscuous ester-hydrolases are not enantio-
selective in nature, we have been further working to introduce this capability (stringent stereo-specificity)
artificially, as it will be shown Chapters 4 and 5 of this Doctoral thesis. For that, the enzyme with broader
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Abstract: Substrate specificity and selectivity of a biocatalyst are determined by the protein sequence and
structure of its active site. Finding versatile biocatalysts acting against multiple substrates while at the
same time being chiral selective is of interest for the pharmaceutical and chemical industry. However,
the relationships between these two properties in natural microbial enzymes remain underexplored. Here,
we performed an experimental analysis of substrate promiscuity and chiral selectivity in a set of 145 purified
esterases from phylogenetically and environmentally diverse microorganisms, which were assayed against
96 diverse esters, 20 of which were enantiomers. Our results revealed a negative correlation between
substrate promiscuity and chiral selectivity in the evaluated enzymes. Esterases displaying prominent
substrate promiscuity and large catalytic environments are characterized by low chiral selectivity, a feature
that has limited commercial value. Although a low level of substrate promiscuity does not guarantee high
chiral selectivity, the probability that esterases with smaller active sites possess chiral selectivity factors of
interest for industry (>25) is significantly higher than for promiscuous enzymes. Together, the present study
unambiguously demonstrates that promiscuous and selective esterases appear to be rare in nature and that
substrate promiscuity can be used as an indicator of the chiral selectivity level of esterases, and vice versa.
Keywords: esterase; metagenomics; promiscuity; selectivity
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1. Introduction
Presently, there is a great need for suitable biocatalysts with high process performance as greener
alternatives to chemical synthesis [1,2]. It is expected that up to 40% of bulk chemical synthesis processes
could be substituted by enzymatic catalysis by 2020 [1]. Along with requirements of a technical nature,
such as process development and optimization, it is however widely recognized that the establishment
of enzymatic processes is mainly a problem of finding, optimizing, or designing new and/or better
performing enzymes. Nature is a rich reservoir from where enzymes can be isolated [3,4], because they
are continuously evolving as a consequence of natural selection. Promiscuous enzymes are effective
for converting multiple substrates, thus, they are industrially relevant [4–6]. Enzymes need to also
be robust and, preferably, chiral selective to reduce raw material costs in the synthesis of pure chiral
compounds [1,2,4,7]. That is, they need to be able to cleave preferentially only one chiral ester when
offered a racemic mixture. Is it possible to find versatile enzymes displaying prominent substrate range
and stringent chiral selectivity? Evaluating this possibility was the starting point of the present study.
In this study, we are interested in investigating as model enzymes serine ester hydrolases,
hereafter referred to as esterases, from the structural superfamily of α/β-hydrolases. The activity
of these esterases relies mainly on a catalytic triad usually formed by Ser, Asp/Glu, and His [8].
This enzyme class was selected for a number of reasons: it is widely distributed in the environment,
it has important physiological functions, it includes hydrolases that are among the most important
industrial biocatalysts, and extensive biochemical knowledge has been accumulated [4,5,7].
Just focusing on those from uncultivated microorganisms discovered through metagenomic
approaches, esterases with prominent chiral selectivity have been identified and their use in the kinetic
resolution of a number of esters is reported. Recent examples include those preferably hydrolyzing
one of the chiral esters in racemic mixtures of ibuprofen esters [9,10]; ketoprofen esters [11–14];
solketal esters [15]; esters of phenylalkyl carboxylic acids, 1,1,1-trifluoro-2-phenylbut-3-yn-2-yl acetate
and 3,7-dimethyl-1,6-octadien-3-yl acetate [16,17]; methyl 3-phenylglycidate [18]; 1-phenylethyl
acetate [19,20]; ofloxacin butyl ester [21]; 1-octin-3-ol, 3-chlor-1-phenyl-1-propanol, trimethylsilylbutinol,
cis/trans-1,2-cyclohexanediol, and isopropylidenglycerol acetate [22]; glycidyl butyrate [23];
methyl-mandelate, glycidyl-4-nitrobenzoate, methyl-3-bromo-2-methyl propionate, methyl lactate,
menthyl acetate, neomenthyl acetate, pantolactone, and methyl 3-hydroxybutyrate [22,24,25]; 1-octin-3-ol,
3-chlor-1-phenyl-1-propanol, and trimethylsilylbutinol [22]; methyl-3-hydroxy-2-methylpropionate [26];
and esters of secondary alcohols [27,28], to cite some. The advances in metagenomics techniques and
screening methods have allowed the discovery of these and other selective esterases [29]. These studies
exemplify that esterases with selective character occur naturally, and that their chiral preference depend
on structural factors in the proximity of the active-site. However, whether the selective character of these
esterases, and many others, is linked to a broad or a narrow substrate spectrum has not been investigated,
due to limited substrate sets employed.
Here, we investigate the relationships between the level of substrate promiscuity and chiral
selectivity of a large set of 145 phylogenetically and environmentally diverse microbial esterases,
whose specifc activity against 96 distinct esters that included 20 chiral esters have been recently
reported [5]. We provide unambiguous experimental evidence suggesting a negative association
between substrate specifcity and chiral selectivity in native esterases.
2. Results and Discussion
2.1. Relationships between Substrate Promiscuity and Chiral Selectivity 
We have recently described an extensive analysis of the substrate spectra of 145 phylogenetically
and environmentally diverse microbial esterases [5]. Experimental data on substrate conversion
(i.e., units g−1 or U·g−1) followed for 24 h, at pH 8.0 and 30 ◦C was reported for 96 distinct esters.
They included esters with variation in size of acyl and alcohol groups and with growing residues
(aromatic, aliphatic, branched, and unbranched), halogenated esters, sugar esters, lactones, an alkyl
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di-ester, and 20 chiral esters (including (R) and (S) enantiomers of menthyl acetate, N-benzyl-proline
ethyl ester, methyl mandelate, ethyl 4-chloro-3-hydroxybutyrate, methyl 3-hydroxybutyrate, methyl
3-hydroxyvalerate, neomenthyl acetate, methyl and ethyl lactate, and pantolactone). By meaning of
the partitioning coeffcient (log p value), which refects electronic and steric effects and hydrophobic
and hydrophilic characteristics, the 96 esters do show a broad chemical and structural variability [5].
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Figure 1. Repres ntative chemical structures of 20 chiral est rs u ed to evaluate chiral selectivity.
To fnd the r lationships between substrate promiscuity and chiral selectivity we calculated the
chiral selectivity factor for each of the 145 esterases and the 20 chiral esters tested (i.e., two enantiomers
per pair) that were included in the 96-ester library (Figure 1). Selectivity factor was calcul ted as
the ratio of specifc activity (U·g−1) of the preferred over the non-preferred chiral ester when both
esters were tested separately [30] (see Materials and Methods). These calculations were extracted
from datasets reported previously [5]. It should be mentioned that these apparent values may not
correspond to true selectivity or enantiomeric factors calculated when the enzyme is confronted t a
racemic mixture, because the rates of hydrolysis of the enantiomers were measured separately [30];
nevertheless, recent studies have clearly demonstrated that apparent and true selectivity values closely
match each other [15]. T ese values were plotted against the number of esters hydrolyzed by each of
the esterases (Figure 2), previously reported for each of the esterases [5].
From the 145 esterases, 40 did not show appreciable activity under assay conditions for any of
the chiral esters tested. From those being active against at least one of the chiral esters (105 in total),
80 esterases were characterized by selectivity factors below a threshold of 25. Although esterases with
stringent selectivity are preferred, it is commonly considered that enzymes with selectivity factor of
25 or above begin to have commercial value [31]. On the other hand, we found 25 chiral selective
esterases, as judged by a selectivity factor above 25 (Figures 2 and 3). Ten of them showed stringent
selectivity, that is they were capable of hydrolyzing only one of the enantiomer (Figure 3). Twelve of
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them were characterized by selectivity factors ranging from 25.9 to 59.3, and three did show prominent
selectivity factors ranging from 219 to 686 (Figures 2 and 3).
As shown in Figure 2, we found a negative association between the level of substrate promiscuity,
by meaning of the number of esters hydrolyzed, and the chiral selectivity factor. In further detail,
according to criteria previously established [5] we considered an esterase ‘specifc’ if it hydrolyses
9 esters or fewer, as ‘moderate-to-highly promiscuous’ if it hydrolyses between 10 and 42 esters, and as
‘prominently promiscuous’ if it hydrolyses 42 or more esters. None of the 25 hydrolases which showed
a selectivity factor ≥25 were prominently promiscuous. Rather, they were capable of accepting 36 or
fewer substrates. However, not all hydrolases converting 36 or fewer esters and acting against chiral
esters were selective according to the 25-selective factor threshold. Indeed, only 25 out of 85 in total
(or 29%) were selective, with different selectivity factors and chiral preferences (Figure 3). This is most
likely due to the fact that the ability to selectively hydrolyze an enantiomer in a racemate may depend
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separately. Chiral  esters  are  color  coded. The  value  100 was  arbitrarily  given  to  represent  those 
esterases  capable of hydrolyzing, under our assay  conditions, only one of  the enantiomers  (100% 
selective)  and  those with  selectivity  factors  higher  than  100.  These  data  are  based  on  the  data 
reported  previously  [5],  using  conditions  described  in  Materials  and  Methods.  The  level  of 
promiscuity,  according  to  criteria  previously  established  [5],  is marked  under  a  shadowed  grey 
Figure 2. Chiral selectivity factor vs. number of esters hydrolyzed per each of the 145 hydrolases tested.
Selectivity factor was calculated per each pair of enantiomers as the ratio of specifc activity (U·g−1) of
the preferred over the non-preferred chiral ester when each of the chiral esters was tested separately.
Chiral esters are color coded. The value 100 was arbitrarily given to represent those esterases capable
of hydrolyzing, under our assay conditions, only one of the enantiomers (100% selective) and those
with selectivity factors higher than 100. These data are based on the data reported previously [5],
using conditions described in Materials and Methods. The level of promiscuity, according to criteria
previously established [5], is marked under a shadowed grey background. The 25-selectivity factor
threshold at which an esterase started to have commercial value is indicated by a horizontal dashed
gray line.
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promiscuity  and  preference  for  (R)  or  (S)  methyl  acetate,  menthyl  mandelate,  methyl 
3‐hydroxybutyrate, N‐benzyl‐proline  ethyl  ester,  ethyl‐4‐chloro‐3‐hydroxybutyrate,  and  (m)ethyl 
lactate. Esterases selective for (R) or (S)‐pantolactone, N‐benzyl‐proline ethyl ester, and neomenthyl 
acetate were  the  least  abundant,  suggesting  these  chiral  esters  are  less  preferred  substrates. As 
shown in Figure 3, we also found that 5 out of 25 esterases fitting to the 25‐selective threshold did 
show  stringent  selectivity or  selectivity  factor higher  than 25  for  several chiral esters differing  in 
chemical  and  structural  nature.  They  include  one  being  selective  for methyl  3‐hydroxybutyrate 
(R‐selective)  and  ethyl  lactate  (S‐preference)  (EH31);  one  for  ethyl‐4‐chloro‐3‐hydroxybutyrate 
(R‐selective), methyl 3‐hydroxybutyrate (R‐selective), and ethyl lactate (S‐selective) (EH47); one for 
methyl  mandelate  (S‐selective),  methyl  3‐hydroxyvalerate  (S‐selective)  and  methyl  lactate 
(S‐selective) (EH71); and two for menthyl acetate (R‐selective) and methyl lactate (S‐selective) (EH72 
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Figure 3. Chiral f f 25 hydrolases which w re found to b selective for at least one
chiral ester according to the 25-sel ctive factor threshold. The fgure illustrat s the specifc activity
(U·g−1; represented by the size of the circles) of each esterase per each of the 20 chiral esters tested.
The ID code for each esterase (for full description see ref. [5]) is shown on the top; the number of esters
(out of 96 tested) hydrolyzed by each esterase is shown in brackets. The Figure was created ith the
R language console fro data previously reported [5]. The list of the 20 chiral esters tested is shown
on the left, with (R)-enantio er in blue and (S)-enantio er in red color. The protocol established and
used to identify the esters hydrolyzed by each esterase is described in Materials and Methods.
2.  Occurrence of Multi Sel ctive Esterase  
Figure 3 sum arizes the chiral pref r nce of esterases ftting to the 25-sel ctive factor threshold
for each of t chiral esters tested. As can b seen n Figur 3, esterases showed diff rent
level of promiscuity and pref rence for (R) or (S) methyl acetate, t mandelate, methyl
3-hydroxybutyrate, N-benzyl-proline ethyl ester, ethyl-4-chlor -3-hydroxybutyrate, and (m)ethyl
lacta e. Esterases el ctive for (R) or (S)-pantolactone, N-benzyl-proline thyl ester, and neomenthyl
aceta e wer the least bunda t, suggesting hese chiral esters are less pref rred substrates. As shown
in Figure 3, we also found that 5 out of 25 esterases ftting to he 25-selective threshold did show
stringent selectivity or selectivity fa or higher than 25 for several chiral esters differing in ch mical
and structural na ure. They include one being selective for m thyl 3-hydroxybutyrate (R-selec ive)
and ethyl lactate (S-preference) (EH31); on for thyl-4-chlor -3-hydroxybutyrate (R-selective), methyl
3-hydroxybutyrate (R-selective), and ethyl lactate (S-selective) (EH47); one for m thyl mandelate
(S-s lective), methyl 3-hydroxyvalerate (S-selective) and methyl lactate (S-selective) (EH71); and two
for menthyl acetate (R-selective) and methyl lactate (S-sel ctive) (EH72 nd EH78). The other
20 esterases did show the capacity to preferentially hydrolyze only o e enantiomer (Figure 3).
This suggests that multi selective esterases ay hav a lower abundanc .
3. Materials and Methods
3.1. Source of Chemicals, Enzymes, and Datasets 
All chemicals for which activity data are reported were of the purest grade available and
were purchased as reported [5]. The present study used datasets of hydrolytic activity (U·g−1) for
145 esterases assayed at 550 nm using 96-structurally diverse esters in 384-well plates. Reactions were
followed for 24 h, at pH 8.0 and 30 ◦C. Datasets are available elsewhere [5].
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3.2. Selectivity Factor Calculation 
The chiral selectivity factor is defned as the ratio of the specifc activity [30] for each
enantiomer, measured separately as described previously [5]. Briefy, reaction mixture contains
5 mM N-(2-hydroxyethyl)piperazine-N0-(3-propanesulfonic acid buffer, pH 8.0, 4.5% (v/v) acetonitrile
or dimethyl sulfoxide, 0.45 mM Phenol Red (used as a pH indicator), a concentration of each of the
esters of 1.14 mg·mL−1, and 2 µg of proteins. Reactions were allowed to proceed kinetically at 30 ◦C
and hydrolytic activity (U·g−1) calculated followed for 24 h [5]. Selectivity factor was calculated
considering the preferred over the non-preferred chiral ester, whatever the preferred (R) or (S) ester.
4. Conclusions
Herein, we show the value of the systematic investigation of enzyme activity to deepen our
understanding of the relationships between substrate promiscuity and chiral selectivity. By comparing
the number of esters that 145 diverse esterases hydrolyze as an indicator of the substrate promiscuity
level and their selectivity factors as an indicator of enantio-selectivity, we found unambiguous evidence
that esterases with broad substrate spectra do commonly show low selectivity for chiral molecules.
In this study, the proportion of esterases with both prominent promiscuity and selectivity approaches
zero percent. By contrast, the proportion of esterases with low to moderate promiscuity but prominent
selectivity was as high as 29%. This suggests that the substrate promiscuity may be used as an indicator
of the selective character of esterases. Promiscuous esterases acting against multiple substrates, while
at the same time being enantio-selective, appear to be rare in nature, or at least in the habitats from
where the esterases herein described were isolated [5]. As these enzymes are of interest for application
purposes [1–6,32], protein engineering and rational design may be needed to obtain esterases being
promiscuous and selective for industrial applications. We anticipate that the possibility to transform a
promiscuous but not selective esterase into an effcient enantio-selective biocatalyst would require less
engineering effort because increasing the selectivity for an enantiomer may involve a reduced number
of contacts close to the active sites (for a recent example see reference [33]). Conversely, increasing
the substrate spectra of a selective non-promiscuous esterase would require large rearrangement
of the catalytic environment which may, at the same time, result in signifcant reduction or even
loss of enantio-selectivity. This is because non-promiscuous esterases are characterized by catalytic
environments that are highly exposed and have small volumes, while an esterase for being promiscuous
requires a large active site volume and lower relative solvent accessible surface area [5], that are diffcult
to be designed through few mutations.
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Chapter 3: Bioprospecting reveals class III ω-transaminases converting bulky ketones and environmentally
relevant polyamines.
The results presented in Chapter 1 demonstrated that establishing and characterizing a large collection of
novel ester-hydrolases may allow deepening into the determinants of substrate promiscuity while at the
same time identifying those enzymes performing better than commercial prototypes. Consequently, in
this Chapter, we have extended this analysis to transaminases. Transaminases are very appreciated in
biotechnological purposes, such as those for producing optically pure amines relevant in drug
development. Through this Chapter, we recovered, by applying genomic and metagenomic tools, a set of
ten class III ω-transaminases to investigate the molecular reasons for promiscuity and enantio-selectivity
in this class of enzymes.
The reasoning of this investigation is the following. Most of the ω-transaminases, including those of the
class III, described to date in the literature are S-stereospecific and they show little activity against bulky
aldehydes, ketones and amines, which are among the most appreciable substrates in the industry.
Nevertheless, by applying a novel functional screen method and by using a library of more than 36
different substrates, in this study we were able to recover a set of class III ω-transaminases with high
capacity to convert bulky ketones and aldehydes. Among them, a sub-set of 4 enzymes showed the
unusual capacity to convert (R)-amines, while the other 6 showed the common capacity to convert (S)-
amines. Other biochemical characteristics were also experimentally calculated as optimal temperatures
for activity, finding a range from 45 to 65°C. Additionally, few of our enzymes can retain 50% of its activity
in up to 50% [vol/vol] in water-soluble solvents.
Using sequence alignment and 3D-modeling software programs we were able to find the reasons for the
unusual properties of the class III ω-transaminases herein investigated compared to those previously
described in the bibliography. We found that the presence of a hairpin region proximal to a highly
conserved arginine residue, also called flipping arginine, is responsible for the capacity of such enzymes
to convert or not bulky ketones and bulky aldehydes. In addition to that, the orientation of this arginine,
which may be influenced by the presence of this hairpin region, is relevant for the differences in the
enantio-selectivity. An outward position favors the capacity to convert (R)-amines, whereas the inward
position that for (S)-amines. We additionally found that this configuration may have an in vivo role in the
catabolism of putrescine, a naturally produced amine.
As we have identified two structural determinants defining the capacity to convert bulky substrates and
(R)-amines, one can now and in the future engineer a class III ω-transaminases capable of converting bulky
ketones and bulky aldehydes while carrying stringent (R)-selectivity for amines.
This work and that reported in Chapter 1, demonstrate how important is to access a high enzymatic
diversity and establishing and working with a broad library of different substrates. This fills the gaps of
information between the sequences and the catalytic profile associated with the enzymes encoded by
those, and in combination with computational tools, for finding their structural determinants.
57
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ABSTRACT Amination of bulky ketones, particularly in (R) configuration, is an at-
tractive chemical conversion; however, known -transaminases (-TAs) show insuffi-
cient levels of performance. By applying two screening methods, we discovered 10 
amine transaminases from the class III -TA family that were 38% to 76% identical 
to homologues. We present examples of such enzymes preferring bulky ketones 
over keto acids and aldehydes with stringent (S) selectivity. We also report represen-
tatives from the class III -TAs capable of converting (R) and (S) amines and bulky 
ketones and one that can convert amines with longer alkyl substituents. The prefer-
ence for bulky ketones was associated with the presence of a hairpin region proxi-
mal to the conserved Arg414 and residues conforming and close to it. The outward 
orientation of Arg414 additionally favored the conversion of (R) amines. This config-
uration was also found to favor the utilization of putrescine as an amine donor, so 
that class III -TAs with Arg414 in outward orientation may participate in vivo in the 
catabolism of putrescine. The positioning of the conserved Ser231 also contributes 
to the preference for amines with longer alkyl substituents. Optimal temperatures 
for activity ranged from 45 to 65°C, and a few enzymes retained 50% of their ac-
tivity in water-soluble solvents (up to 50% [vol/vol]). Hence, our results will pave the 
way to design, in the future, new class III -TAs converting bulky ketones and (R) 
amines for the production of high-value products and to screen for those converting 
putrescine. 
IMPORTANCE Amine transaminases of the class III -TAs are key enzymes for modi-
fication of chemical building blocks, but finding those capable of converting bulky 
ketones and (R) amines is still challenging. Here, by an extensive analysis of the sub-
strate spectra of 10 class III -TAs, we identified a number of residues playing a role 
in determining the access and positioning of bulky ketones, bulky amines, and (R)-
and (S) amines, as well as of environmentally relevant polyamines, particularly pu-
trescine. The results presented can significantly expand future opportunities for de-
signing (R)-specific class III -TAs to convert valuable bulky ketones and amines, as 
well as for deepening the knowledge into the polyamine catabolic pathways. 
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Transaminases (TAs) (EC 2.6.1.x), also called aminotransferases, are versatile enzymes with industrial potential (1). They catalyze asymmetric amine transfer reactions 
between an amine and a ketone, aldehyde, or keto-acid and, thus, are key enzymes to 
produce building blocks for drug discovery and chemical biology. All transaminases 
reported so far require pyridoxal-5=-phosphate (PLP) as a coenzyme, which serves as a 
molecular shuttle for ammonia and electrons between the amine donor and the 
acceptor in a catalytic cycle. First, the amine group from the amine donor binds to the 
enzyme, and then pyridoxamine-5=-phosphate (PMP) is formed from PLP and the amine 
donor is released as a keto product. Afterwards, PMP transfers the amine group to the 
acceptor and PMP is regenerated to PLP, closing the catalytic cycle. Based on their 
amino acid sequences, transaminases are classified in six groups (classes I to VI) (1), with 
class III covering the so-called -transaminases (-TAs). Within the -TAs, the class of 
amine transaminases (ATAs) has industrial relevance, as they have been used for the 
preparation of optically pure amines starting from the corresponding ketones (1, 2). 
In an ideal scenario, functional screening with genomics and metagenomics tech-
niques would allow the identification of a new generation of microbial biocatalysts, 
including ATAs of the class III -TAs (3–6). However, extensive bioprospecting by 
metagenomics was only rarely successful (5), despite the growing number of sequences 
available in public databases (7). Indeed, only three class III -TAs have been identified 
by metagenomics techniques; however, this was by applying sequence homology-
based techniques rather than functional methods (8). These enzymes showed poor 
levels of performance with ketones compared with their performance with aldehydes 
and keto acids. As an example, the conversion of acetone was measured to be less than 
0.04% relative to that for 2-oxobutyrate and propionaldehyde (8), which were the 
preferred keto acid and aldehyde substrates, respectively. A thermodynamic limitation 
for the amination of ketones is a common characteristic of -TAs (9). For instance, the 
kcat/Km ratio of the -TA from Ochrobactrum arthropi for acetophenone was only 
0.0004% relative to that for pyruvate (10). Also, -TAs from Parococcus denitrificans and 
Chromobacterium violaceum showed from 0.015% to 0.083% relative activities for 
ketones compared to the values for -keto acids and aldehydes (9). This prompted the 
research to create, by active-site engineering, -TA variants displaying improved 
capacity for the synthesis of chiral amines from bulky ketones. By applying this 
procedure, a 105-fold activity improvement for the conversion of butyrophenone was 
achieved for the -TA from O. arthropi, although the relative activity compared to the 
value for aldehyde was still low (from 1.4 to 11.3% relative activity) (10). 
Finding new -TAs displaying high capability for the conversion of ketones, in 
combination with good stability and preferably stringent (R) or (S) selectivity (11–13), is 
thus a priority for the synthesization of pharmaceutically valuable chiral amines (9). 
However, their discovery is limited, most likely due to a lack of suitable screening 
methods at large scale. Recently, new assays for high-throughput screening of ATAs in 
liquid or solid phase were described (14, 15). By adapting these methods to screen a 
large collection of clone libraries generated from environmental DNA of diverse origins, 
we successfully identified 10 genes encoding presumptive ATAs of the class III -TA 
family. These genes were expressed in fusion proteins fused to polyhistidine (His) 
affinity tags, purified by immobilized metal affinity chromatography, and characterized. 
The results presented here illustrate the benefits of the methods herein applied to 
screen for -TAs using metagenomics. The extensive analysis of their substrate spectra 
allowed the identification of those capable of converting bulky ketones and bulky 
amines, as well as environmentally relevant amines like putrescine. Finally, the appli-
cation of sequence and 3-dimensional-model analyses shed new lights on the molec-
ular determinants of their substrate specificities and stereochemistry. The present study 
may help future bioprospecting and engineering programs to identify and design class 
III -TA family proteins converting bulky ketones and bulky amines with stringent (R) 
or (S) stereospecificity. 
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RESULTS 
Gene selection by naive screens. Recently, a large set of metagenomic fosmid 
libraries from microbial communities inhabiting 28 geographically distinct environmen-
tal sites has been created and subjected to naive screen for esterase activity (16). In 
accordance with biological diversity and activity success rates, libraries from microbial 
communities inhabiting 10 of these sites (for details, see Materials and Methods) were 
chosen as starting points for screening new -TA-encoding sequences. We applied to 
all libraries two distinct naive agar-based screen methods, utilizing the two amine 
donors 2-(4-nitrophenyl)ethan-1-amine and o-xylylenediamine hydrochloride (see Fig. 
S1 in the supplemental material), which after transfer reactions render a colored 
product that can be identified by visual inspection (14, 15). About half a million 
pCCFOS1 fosmid clones (nearly 18 Gbp) from libraries generated from environmental 
DNA and 4,400 plasmid-based (pCR-XL-TOPO) clones from a Pseudomonas oleovorans 
genomic DNA library were screened for ATA activity using both agar-based screens. We 
identified a total of 10 positive clones active against 2-(4-nitrophenyl)ethan-1-amine, 3 
of which were also active against o-xylylenediamine hydrochloride. They were recov-
ered from clone libraries created from two chronically polluted marine sediment 
samples, an acidic beach pool, and the P. oleovorans genome (see the legend to Table 
S1) (16–18). This means a ratio of circa 1 positive result per 50,000 clones tested; note 
that this ratio is an indicator of the abundance of enzyme activities in metagenomes (5, 
19). The 10 positive fosmid/plasmid inserts were fully sequenced using the Illumina 
MiSeq sequencing system. From the sequence data, 10 candidate genes encoding 
putative -TAs, one per insert, were identified. 
Analysis of candidates at the protein sequence level. As shown by the results in 
Table S1 in the supplemental material, the deduced molecular mass and estimated 
isoelectric point (pI) values for the amino acid sequences comprising the 10 -TAs 
(designated TR1 to TR10 based on the code TR, which refers to transaminase) ranged 
from 48.4 to 50.8 kDa and from 5.4 to 6.1, respectively. A comprehensive analysis of the 
TBLASTX results (20) indicated that putative proteins exhibited amino acid sequence 
identities ranging from 84% to 100% to sequences of uncharacterized homologous 
proteins in nonredundant public databases and from 35.7% to 60.7% to sequences in 
Protein Data Bank (PDB). As determined by Matcher (EMBOSS package), the pairwise 
amino acid sequence identities between the 10 selected sequences ranged from circa 
33% to 99% (see Table S2A). TR3 and TR7 (98.9%), TR4 and TR5 (94.5%), and TR9 and TR10 
(92.9%) shared the highest sequence similarities. Sequence analysis and TBLASTX (20) 
categorized all sequences within the class III -TA family (21). It is interesting to note 
that the naive assays employed led to the identification of only class III -TAs and none 
of the other 5 groups, referred to as classes I, II, IV, V and VI (1). It may be due to the 
fact that compared to ATAs from other groups, -TAs transfer an amino group from an 
amine donor onto a carbonyl moiety of an amine acceptor, in which process at least 
one of the two substances is not an -amino acid or an -keto acid (1). Any of these 
substrates was used in the naive screens, which may explain why the screening with the 
two amine donors 2-(4-nitrophenyl)ethan-1-amine and o-xylylenediamine hydrochlo-
ride produced a bias toward class III -TAs. 
Taken together, these data suggest that there is a large divergence at the sequence 
level within the identified class III -TA sequences and that the diversity is not 
dominated by a particular type of protein or highly similar clusters of proteins but 
consists of diverse nonredundant -TA sequences. Phylogenetic binning (22, 23) of the  
sequences encoding presumptive class III -TAs further revealed that they most likely 
originated from bacteria of the Rhodobacteraceae family (5 sequences) and the Pseu-
domonas (3 sequences), Acidihalobacter (1 sequence), and Amphritea (1 sequence) 
genera (see Supporting Results and Fig. S2 in the supplemental material). 
Recombinant protein production. The 10 candidates were cloned into pBXCH or 
pRhokHi-2 (with C-terminal His tags) or into pBHXN3 (N-terminal His tags) (Fig. S1); 
these expression vectors allow high-expression yields for genes of environmental and 
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microbial origins (16, 24, 25). Escherichia coli strains MC1061 (when using pBXCH and 
pBHXN3 vectors) and DH5 (for pRhokHi-2) were used as expression hosts. The 
preferred construct design for each enzyme was selected on the basis of the protein 
yield obtained, which is out of the scope of the present study and, thus, not shown. The 
average yields of the -TAs in E. coli heterologous expression systems were approxi-
mately 32 mg purified protein per liter of culture. The 10 hexahistidine-tagged candi-
dates were purified from lysed cells by immobilized metal affinity chromatography 
using Ni-nitrilotriacetic acid (NTA) technology (Fig. S3). The substrate profiles and 
properties of purified -TAs were further analyzed. 
Acceptor profiling: preference for bulky ketones. The acceptor profiling was 
performed by using the colorimetric liquid assay reported by Baud et al. (14) with minor 
modifications (see Materials and Methods). We used one primary amine donor [2-(4-
nitrophenyl)ethan-1-amine] and a set of 18 chemically and structurally distinct alde-
hydes, ketones, and keto acids as amine acceptors (see Scheme S1 in the supplemental 
material). Alkyl ketones of different lengths and large aromatic ketones and aldehydes 
were also included, since a larger group adjacent to the aldehyde or ketone group 
increases the difficulty of amine transfer. Reaction mixtures obtained in all cases were 
analyzed by electrospray ionization mass spectrometry (ESI-MS) (see Materials and 
Methods), and the existence of reaction products was confirmed in each case (see 
Supporting Results in the supplemental material). 
The relative (%) specific activities obtained with the best substrates for all 10 -TAs 
for each of the 18 acceptors are summarized in Fig. 1; for specific activity (U g1 
protein) raw data, see Table S2B. We first observed that according to the data for the 
best acceptor, TR1, with a maximum specific activity of 95.7 U g1, was also the least 
active enzyme, with the other -TAs having values ranging from 972 U g1 to 179 
U g1 (Table S2B). The specific activities for the best substrates are in the range 
previously reported for -TAs (12, 26). 
Regarding acceptor range, only 6 of 18 amine acceptors were converted by all 10 
-TAs (Fig. 1). We found that TR1 was characterized by a restricted acceptor spectrum, 
only capable of using as acceptors the keto acids glyoxylic acid, levulinic acid, and 
-ketoglutaric acid (nonpreferred acceptors) and, to a much greater extent, the alde-
hydes hexanal (preferred acceptor) and benzaldehyde and the ketone 2-hexanone. No 
capacity of TR1 to use any of the other linear and bulky ketones tested was detected 
under the assay conditions. All of the other 9 -TAs showed broader acceptor spectra 
and were characterized by significantly higher preferences for ketones than for alde-
hydes and keto acids. Thus, on the basis of specific activity determinations (U g1), the 
relative activities for amine transfer to the best accepted ketone compared to the 
preferred aldehydes or keto acids were found to be 50.4% (for TR1), 96.1% (for TR2), 
9.0% (for TR3), 90.3% (for TR4), 112.5% (for TR5), 1.1% (for TR6), 84.3% (for TR7), 14.9% 
(for TR8), 173.4% (for TR9), and 142.8% (for TR10), as measured at 40°C and pH 7.5 (Table 
S2B). These percentages are significantly higher than those observed for previously 
reported -TAs (below 0.083%) (8–10). 
Preferred acceptors for most -TAs were hexanal, benzaldehyde, or the bulky 
ketone 1-N-Boc-3-pyrrolidinone, depending on the transaminase (Fig. 1). Other bulky 
ketones, particularly 2-acetylpyridine and 2-acetylpyrazine, were well accepted by all 
-TAs, albeit they were not the preferred acceptors. Concerning the use of aliphatic 
ketones as acceptors, we found that increases in the side chain length resulted in lower 
levels of conversion (2-hexanone  2-heptanone  2-nonanone). As shown by the 
results in Fig. 1, bulky ketones were converted at levels similar to or higher than 
aliphatic ketones and aldehydes. Concerning the use of ketoacids, TR6 and TR8 had a 
noticeably higher preference for glyoxylic acid than did the other -TAs. 
The similar acceptor profiles for TR9 and TR10 (Fig. 1) agreed with their 93% identity 
at the amino acid sequence level (Table S2A). However, TR3 and TR7, which shared 99% 
identity, differed in the capacity to use multiple acceptors, which was particularly 
noticeable for their capacity to use 1-N-Boc-3-pyrrolidinone (relative activities of 1.6% 
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for TR3 and 84.31% for TR7) and glyoxylic acid (relative activities of 28.8% for TR3 and 
1.04% for TR7). TR4 and TR5, which were 94.5% identical, only showed an appreciable 
difference for the conversion of 4-phenyl-2-butanone (relative activities of 31.7% for 
TR4 and 3.3% for TR5); 1-indanone was only converted by TR5, albeit at a significantly 
low relative activity (0.93%) compared to the value for its best acceptor. It was 
particularly noticeable that, excluding TR1, which was unable to use 1-N-Boc-3-
pyrrolidinone, TR3 and TR8 showed significantly low relative specific activities for this 
acceptor (1.6% for TR3 and 0.3% for TR8) compared to all of the other -TAs, for which 
this was one of the preferred acceptors (from 84.3% to 100% relative activity). 
Donor profiling: preference for bulky amines. The -TAs were examined using 
benzaldehyde as a ketone acceptor and a set of 14 chemically and structurally distinct 
amine donors (see Scheme S2), including 4 pairs of enantiomers and the inexpensive 
isopropyl amine (Fig. 1; for raw data, see Table S2C). Instead of using the common gas 
chromatography (GC) method for detecting transamination products (12), we adapted 
the colorimetric assay described by Baud et al. (14). Briefly, we detected the amount of 
benzaldehyde that remained after the reaction compared to the amounts remaining 
Class III -TAs Converting Bulky Ketones and Putrescine Applied and Environmental Microbiology 
FIG 1 Substrate ranges of class III -TAs. Amine acceptors (top) and donors (bottom) tested are shown on the left. 
The identification code for each enzyme is shown on the bottom. This figure was created from data presented in 
Tables S2B and C in the supplemental material. 2-(4-Nitrophenyl)ethan-1-amine was used as the amine donor with 
the aldehydes, ketones, and keto acids listed as acceptors. Benzaldehyde was used as the acceptor with the amines 
listed as donors. (R)-()-Aminohexane, (R)-()--methylbenzylamine, and (R)-1-(4-nitrophenyl)ethylamine are not 
indicated because their conversion was below the detection limit under our assay conditions. The specific activity 
(U g1) at 40°C and pH 7.5 was determined as described in Materials and Methods, and the relative activity (%) 
obtained with the best acceptor (top) or donor (bottom) is indicated. The figure was created with the R language 
console. The structures of the acceptors and donors can be seen in Schemes S1 and S2 in the supplemental 
material. 
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after control reactions in the absence of the amine donor and in the absence of 
enzymes (see Materials and Methods, as well as Scheme S2). The reaction mixtures 
obtained in all cases were also analyzed by ESI-MS (see Materials and Methods), and the 
formation of reaction products confirmed (see Supporting Results in the supplemental 
material). 
We first observed that, using benzaldehyde and the preferred amine donor, the 
maximum activity ranged from 22.8 to 841.5 U g1 (Table S2C), which is in the 
range found for other reported -TAs (12, 27). Regarding specificity, mayor differ-
ences in the capacity to use the amine donors were noticed, although all of them 
were characterized by an ample amine spectrum (Fig. 1). Only 4 of 14 amine donors 
were converted by all 10 -TAs, including (S)-()-2-aminononane and the bulky 
amines 1-methyl-3-phenylpropylamine, 1-(4-trifluoromethylphenyl)ethylamine, and 
1-(4-methoxyphenyl)ethanamine, which were among the preferred amines in most 
cases. The other 10 amines were distinctly converted, highlighting the following 
major differences in the capacity to convert bulky amines. TR1 was the only one 
using 1-(2-pyridyl)ethylamine and 2-methyl-1-phenylpropan-1-amine as amine do-
nors; the capacity to use these bulky amines contrasts with the low capacity of TR1 
to use bulky ketones as acceptors (Fig. 1). To date, only a few (S)-selective -TAs, 
but not (R)-selective ones, have been identified as being capable of accepting a 
propyl group of amine substrates in the so-called S pocket (28). The fact that 
TR1, which converts (R) and (S) amines (see below), was capable of using as an 
amine donor 2-methyl-1-phenylpropan-1-amine, which contains an isopropyl 
group, is thus an unusual feature for this enzyme. Benzylamine and (S)-()--
methylbenzylamine were the only donor substrates for TR1 and TR2, (S)-1-(4-
nitrophenyl)ethylamine was not accepted by TR9 and TR10, and 1,2,3,4-tetrahydro-
1-naphthylamine was not converted by TR8. Concerning the use of aliphatic amines, 
we found that larger amines were preferred. Indeed, all of the -TAs converted 
(S)-()-2-aminononane, but only 3 (TR3, TR5, and TR7) of 10 converted the shorter 
(S)-()-2-aminohexane. It was particularly noticeable that all but TR1, TR9, and TR10 
were capable of using isopropyl amine as a donor substrate, although it was not the 
preferred donor (Fig. 1). 
In agreement with their high sequence identity (Table S2A), TR9 and TR10 showed 
similar donor profiles. TR3 and TR7 (99% identical) were capable of using 10 amine 
donors, with a notable difference in their capacity to convert 1-(4-methoxyphenyl)-
ethanamine, which was not converted by TR3 but was one of the preferred donors 
for TR7 (relative activity of 96%). Finally, the 94.5% identical TR4 and TR5 converted 
10 amines, with major differences only noticed in the conversion of (S)-()-2-
aminohexane, which was not converted by TR4 but was one of the preferred donors for 
TR5 (relative activity of 80.3%). 
Sequence similarity and GNN analysis. Sequence similarity network (SSN) analysis 
of the TR1 to TR10 sequences was performed with the aminotransferase class III 
collection of the InterPro database (IPR005814; 55,400 entries). The network is shown 
in Fig. 2A and B, where each node represents entries with 60% or higher sequence 
similarity and the lengths of the edges correlate with the dissimilarity of the connected 
sequences represented by the nodes (organic layout). Although the pairwise amino 
acid sequence identities between the 10 selected sequences ranged from circa 33% to 
99%, they were all located in a central color cluster. A secondary SSN built from the first 
500 BLAST hits against each sequence query (Fig. S4A) was used for building a genome 
neighborhood network (GNN). Using a window of 5 open reading frames (ORFs) 
upstream and downstream from the candidate TR1 to TR10 genes, the genomic context 
of each of the target sequences was inferred. 
The GNN for the TR2, TR9, and TR10 cluster is shown in Fig. S4B. The GNN was highly 
homogenous with regard to the ORF architecture (Fig. 2C), consisting of a putrescine-
binding periplasmic protein (PotF), a spermidine/putrescine import ATP-binding pro-
tein (PotA), a putrescine transport permease, a Gln-synt_C (glutamine synthetase 
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catalytic domain) that is likely to act as a gamma-glutamyl-putrescine synthetase, which 
ligates glutamate and putrescine, and an aminotransferase (Fig. 2C). Together, TR2, TR9, 
and TR10 might be involved in the catabolism of polyamines, more specifically pu-
trescine (Fig. 3). The GNN for the TR6 cluster (Fig. S4B) and the ORF architecture (Fig. 2C) 
revealed that, despite the pattern variations, the same elements are present: the 
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FIG 2 Genomic context analysis. (A) Sequence similarity network (SSN) analysis of transaminase family III (InterPro 
entry IPR005814) generated using the UniRef90 database with an E value of 10e70. The nodes containing the 500 
BLAST hits to the different TR candidates are in color (red for TR2, TR6, TR9, and TR10, green for TR1, and blue for 
TR3, TR4, TR5, TR7, and TR8). These three clusters segregate completely with an E value of 10e100. (B) Enlargements 
of -TA clusters with an E value of 10e120. Genome neighborhood networks (GNNs) were built using a window 
of 5 ORFs upstream and downstream from the candidate TR gene and a 20% threshold for cooccurrence. (C) The 
most common gene architectures for the three clusters are shown with Pfam annotations. Note that the color code 
may vary for ORFs with the same annotation. 
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transporter proteins, Gln-synt_C, the aminotransferase, and an oxidase mostly related 
to glycine/D-amino acid oxidase or gamma-glutamyl-putrescine oxidoreductase. In 
summary, TR2, TR6, TR9, and TR10 seem to be related to putrescine catabolism (Fig. S4D). 
In this pathway, the only transaminase occurs after obtaining 4-aminobutanoate (also 
known as GABA), which serves as the substrate for the transaminase (Fig. S4C). 
However, it is plausible that putrescine can also be a direct substrate for the trans-
aminase; this is an alternative catabolic pathway that generates glutamate and 
4-aminobutanal that is further oxidized to GABA (Fig. 3). 
The GNN clusters (Fig. S4B) and genomic contexts (Fig. 2C) for the other transami-
nases (TR1, TR3 to TR5, TR7, and TR8) do show many common elements, but there are 
also significant variations. The major difference is that genes encoding both the 
putrescine-ABC transporter system and the glutamate:putrescine ligase are missing, 
but others are present in the vicinity, including genes for an aldehyde dehydroge-
nase family protein (Aldedh), an aminotransferase 3, and another type of transporter 
Coscolín et al. Applied and Environmental Microbiology 
FIG 3 Reconstruction of the putrescine catabolic pathways in which the TR1, TR2, TR6, TR9, and TR10 class III -TAs may be implicated. 
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TABLE 1 Capacities of the class III -TAs to use putrescine as an amine donor 
-TA Sp act (U g1)a 
TR1 56.8  5.4 




TR6 543.6  4.1 
TR7 ND 
TR8 ND 
TR9 461.7  11.0 
TR10 476.7  . 9.8 
aBenzaldehyde (10 mM) was used as the acceptor and putrescine (20 mM) as the donor. Specific activities, 
expressed as units per gram (U g1) at 40°C and pH 7.5, were determined as described in Materials and 
Methods. ND, not determined. 
(amino acid permease). The SSN analysis suggests that most entries corresponding to 
Aldedh are annotated as 5-carboxymethyl-2-hydroxymuconate dehydrogenase (ty-
rosine metabolism), betaine-aldehyde dehydrogenase (glycine, serine, and threonine 
metabolism), succinate-semialdehyde dehydrogenase (putrescine and GABA degrada-
tion), gamma-glutamyl-gamma-aminobutyraldehyde dehydrogenase (putrescine ca-
tabolism), methylmalonate-semialdehyde dehydrogenase (inositol metabolism, valine, 
leucine, and isoleucine degradation and propionate metabolism), or phenylacetalde-
hyde dehydrogenase (phenylalanine metabolism). Together, we may suggest that 
these transaminase genes are related to amino acid catabolism but not putrescine 
catabolism, because of the absence of an ABC transporter and Gln-synt_C. However, the 
possibility that these genes are implicated in the catabolism of putrescine cannot be 
ruled out: the transport is through a permease different from the ABC type, and the two 
aminotransferases and the Aldedh are related to the catabolism of putrescine via 
4-aminobutanal and GABA. 
Based on the SSN and GNN analyses, the roles of TR1 to TR10 in vivo in the catabolism 
of putrescine may be investigated. Potential substrates may be putrescine and GABA. 
They were tested as amine donors using benzaldehyde as the acceptor. The progress 
of the reaction was followed by measuring the amount of benzaldehyde remaining at 
the end of the reaction (see Materials and Methods and Scheme S2) and by ESI-MS (see 
Materials and Methods), respectively. 
The data provided in Table 1 confirmed that TR1, TR2, TR6, TR9, and TR10 are capable 
of using putrescine as an amine donor when using benzaldehyde as the acceptor. None 
of the enzymes converted GABA. This suggests their implication in vivo in putrescine 
catabolism via the formation of 4-aminobutanal (Fig. 3). In contrast, TR3 to TR5, TR7, and 
TR8 did not use putrescine or GABA as an amine donor (Table 1), so it is most likely that 
they may participate in the catabolism of polyamines other than putrescine. Overall, the 
results agree with the SSN and GNN results. 
Evaluation of enantioselectivity. The selectivity toward chiral amines was first 
determined by means of the selectivity factor, calculated as the ratio of specific 
activities (U g1) of the preferred over the nonpreferred chiral amines when both (R) 
and (S) amines were tested separately (see Scheme S3). It should be mentioned that 
these apparent values may not correspond to true selectivity or enantiomeric 
factors calculated when the enzyme is confronted with a racemic mixture, because 
the rates of transamination of the enantiomers were measured separately; never-
theless, recent studies for other classes of enzymes have clearly demonstrated that 
apparent and true selectivity values closely match each other (29). Briefly, the specific 
activities for (S)-()-2-aminohexane, (R)-()-2-aminohexane, (S)-()-2-aminononane, 
(R)-()-2-aminononane, (S)-()--methylbenzylamine, (R)-()--methylbenzylamine, 
(S)-1-(4-nitrophenyl)ethylamine, and (R)-1-(4-nitrophenyl)ethylamine were determined 
by applying a colorimetric assay in which benzaldehyde was used as the amine 
acceptor, as described above. 
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As shown by the results in Fig. 1 and Table 2, we found that under our assay 
conditions, 6 -TAs were stringently (S) selective, with no appreciable activity for any 
of the (R) amines tested. TR2, TR6, TR9, and TR10 were capable of converting both (R) and 
(S) enantiomers of 2-aminononane, with the (S) enantiomer being preferred (Fig. 1). 
For these 4 -TAs, the selectivity factors, calculated as the ratio of specific activities (U 
g1) of the preferred [(S)-()-2-aminononane] over the nonpreferred [(R)-()-2-
aminononane] chiral amine, ranged from 1.2 to 5.4 (Table 2). The selectivity, as 
calculated by kinetic resolution and asymmetric synthesis and gas chromatography (see 
Scheme S3 and Fig. S5), also confirm the results of the colorimetric assays (Table 2). 
It has previously been demonstrated that cosolvents (i.e., 30% dimethyl sulfoxide 
[DMSO]) can change the selectivity of -TAs (13). For this reason, the apparent 
selectivity factors for TR2, TR6, TR9, and TR10 were evaluated by colorimetric assays in 
the presence of 30% DMSO, a concentration at which the enzymes retain more than 
67% of their activity (see below). No statistically significant changes in apparent 
selectivity factors were observed against (S)- and (R)-2-aminononane (data not shown). 
Optimal parameters for activity. Using benzaldehyde and 2-(4-nitrophenyl)ethan-
1-amine as the acceptor and donor, respectively, the purified -TAs were found to be 
most active at temperatures ranging from 45 to 65°C (Fig. 4). TR3, TR6, TR7, and TR8 were 
the most active at the high temperature range (60 to 65°C). A tolerance for organic 
solvents increases the industrial utility of enzymes. The amination of benzaldehyde with 
2-(4-nitrophenyl)ethan-1-amine was tested at different concentrations (from 5% to 50% 
[vol/vol]) of water-miscible solvents, namely, methanol, acetonitrile, DMSO, dimethyl 
acetamide (DMA), isopropanol, and acetone (Fig. 5). TR2, TR4, TR5, and TR10 were most 
active in the presence of acetone (from 45.0 to 51.7% relative activity at 50% acetone), 
and TR3, TR6, TR7, and TR9 were most active in the presence of DMSO (circa 100%, 42%, 
63%, and 44% relative activity at 50% DMSO). TR8 retained more than 59% relative 
activity in the presence of DMA, DMSO, and isopropanol at 50% each. 
Molecular determinants of substrate specificity. The extensive analysis of the 
substrate spectra showed a number of differences (Fig. 1), possibly a reflection of the 
divergence in steric constraints and active-site architecture, which may help to better 
understand the specificity and stereochemistry of the -TAs herein investigated. 
TABLE 2 Enantioselectivities of selected class III -TAs 
-TA 
Sp act (U g1) by colorimetric testsa 
Selectivity according to 
asymmetric synthesis 
(S)-()-2-Aminononane (R)-()-2-Aminononane Conversion (%)b %eePb 
TR1 12.7  0.4 0 10.7  1.1 100 (S) 
TR2 310.8  0.70 255.3  5.6 90.7  9.5 49  5.1 (R) 
TR3 386.1  1.3 0 98.3  3.4 100 (S) 
TR4 217.6  0.2 0 47.3  2.1 100 (S) 
TR5 524.1  7.4 0 71.4  3.0 100 (S) 
TR6 527.9  0.6 98.6  1.8 83.3  2.3 35.6  2.5 (R) 
TR7 814.5  3.1 0 99.2  4.8 100 (S) 
TR8 673.8  3.5 0 98.9  1.4 100 (S) 
TR9 149.3  2.8 10.2  0.6 60.1  7.0 47.2  6.0 (R) 
TR10 119.5  4.5 5.34  0.03 62.2  4.0 48.6  2.2 (R) 
Chemical structure 
Coscolín et al. Applied and Environmental Microbiology 
aSpecific activities (U g1) measured in triplicate (with standard deviations shown) at 40°C and pH 7.5 after 60-min reactions, using benzaldehyde as the amine donor, 
as described in Materials and Methods. 
bPercent conversion and percent enantiomeric excess of product (%eeP) according to the asymmetric synthesis of (R)-aminononane and (S)-aminononane. In the case 
of -TAs producing (R) and (S) amines, the %eeP for the (R) amine is shown; for those only producing (S) amine, the %eeP for the (S) amine is shown. The formation 
of the reaction product 2-nonane (C9H18O) was confirmed by ESI-MS (the theoretical exact mass was determined to be 142.1358 Da, and the experimental value 
obtained by ESI-MS was 142.1370). 
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An extensive analysis of the key active-site residues determining the substrate 
specificity in previously reported -TAs (30) through multiple sequence alignments and 
three-dimensional structural models (Fig. S6 to S10) was performed. This analysis was 
done in relation to substrate specificity data (Fig. 1). We first found that residues 
previously suggested to play a role in substrate recognition (Fig. S7) (30) may not have 
a role in determining the substrate spectra and preference for bulky substrates in the 
10 -TAs herein described (see Supporting Results in the supplemental material). 
Rather, most likely, a major molecular determinant of the capacity of class III -TAs 
herein described to use bulky ketones as acceptors is the presence of a hairpin region 
proximal to the highly conserved Arg414 (following the numeration in the -TA from 
Pseudomonas putida [PDB 3A8U]) (Fig. 6), an extensively characterized -TA whose 
X-ray structure has been determined (30). This hairpin region is present in TR2 to TR10 
but not TR1 nor the PDB 3A8U sequence (Fig. 7). We hypothesize that the presence of 
this hairpin, the residues comprising it (Fig. 7), and the nature of 3 amino acids in its 
proximity play a role in determining the orientation of the conserved Arg414 and the 
access to and positioning of bulkier ketones in relation to the L pocket to an extent 
greater than that previously thought for the conserved Arg414 (30). This can be 
seen by the results in Fig. 7 and, in more detail, in Fig. S8. In addition to this, as 
shown in Supporting Results and Fig. S7 and S10 in the supplemental material, most 
likely the positioning of the conserved Ser231 (following the numeration in the 
-TA with PDB 3A8U) may additionally play a role in the capacity of class III -TAs to 
use amines with longer alkyl substituents, to a greater extent than previously thought 
(27). 
TR2, TR6, TR9, and TR10 were the only class III -TAs herein reported that were 
capable of converting (R) amines, although their low selectivity cannot give access to 
highly optically pure amines. In order to increase the possibility of designing (R)-
selective variants, an inspection of the literature was first undertaken. Note that 
(R)-selective amine transaminases have been only reported within the PLP-dependent 
fold class IV -TAs, which were found by applying in silico mining approaches (28, 29). 
Sequence alignment of the TR1 to TR10 sequences with sequences of (R)-selective 
PLP-dependent fold class IV proteins (28) revealed that the conserved residues impli-
cated in the recognition of (R) amines in class IV -TAs were found in the class III -TAs 
herein reported (Fig. S11). This suggests that residues other than those reported for 
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FIG 4 Temperature profiles for purified class III -TAs. The data represent the relative percentages of 
specific activity at pH 7.5, expressed as U g1, compared with the maximum activity when benzaldehyde 
and 2-(4-nitrophenyl)ethan-1-amine were used as the acceptor and donor, respectively. Full data sets are 
given in Table S2D. 
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class IV -TAs are determining the capacity of class III -TAs to convert (R) amines. The 
analysis of sequence alignments and three-dimensional models revealed that TR2, TR6, 
TR9, and TR10, in contrast to the other class III -TAs herein reported, have in common 
the presence of a large pocket volume, the presence of a hairpin region close to the 
conserved Arg414, and an outward orientation of Arg414 (Fig. 7; Fig. S6 to S8). We 
suggest that, those structural elements aside, others yet to be determined may be 
responsible for the capacity of both enantiomers to be positioned in the active sites of 
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FIG 5 Solvent resistance profiles for purified class III -TAs. The data represent the relative percentages 
of specific activity at pH 7.5, expressed as U g1, compared with the maximum activity when benzal-
dehyde and 2-(4-nitrophenyl)ethan-1-amine were used as the acceptor and donor, respectively. Full data 
sets are given in Table S2E. 
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TR2, TR6, TR9, and TR10 and, thus, determine the capacity of such enzymes to convert 
(R) amines. 
DISCUSSION 
In this study, we adapted two high-throughput screening methods to identify 10 
class III -TA family proteins. The identified -TAs originated from bacteria from at least 
FIG 6 Conservation of the highly conversed Arg414 residue (bold and underlined) examined by multiple sequence 
alignment of the class III -TAs herein reported, that of Pseudomonas putida (PDB 3A8U), and those included in Fig. 
S2. Only the region in the proximity of Arg414 is shown. The source of the numbering is A0A081G376. Conservation 
of other residues suggested to be implicated in substrate specificity and PLP binding is shown in Fig. S6 and S7. 
The residues constituting the hairpin region close to the conserved Arg414 (following numeration in PDB 3A8U) 
are underlined and in gray. 
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FIG 7 Structural investigation of the class III -TAs to elucidate the positioning of the hairpin region, located close to a highly conserved arginine (Arg414 in 
the -TA from P. putida [PDB 3A8U], as the reference); the orientation of the conserved arginine is also shown. Arg414 is located in a small hairpin (red) in the 
middle of a coil delimited by the two helices, one being shown. Only the region in the proximity of the conversed arginine is represented, with initial and end 
residues indicated in parentheses. The region present in TR2 to TR10 (and also in PDB 3A8U [not shown in the figure]), but not in TR1, is shown in red. Three 
additional residues located in the proximity of this region, which were found to play a role in determining the access to the L pocket (see Supporting Results), 
are shown in green. Although the modeling does not give an exact orientation of the Arg414 side chain, the presence of the hairpin and the residues located 
in its proximity seem to play a role in its orientation and also in the access to the active site, as can be seen in detail in Fig. S8. The PDB codes of templates 
used to create the models are shown in Fig. S7 and S8. (Top) The class III -TAs capable of degrading putrescine, with TR2, TR6, TR9, and TR10 containing 
structural elements which differ from those of TR1. (Bottom) The class III -TAs not capable of degrading putrescine. As shown, the orientation of the conserved 
arginine differs significantly among the groups of class III -TAs. 
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four different and divergent lineages: the Pseudomonas, Acidihalobacter, and Amphritea 
genera and the Rhodobacteraceae family. -TAs from the Pseudomonas genus (31) and 
Rhodobacteraceae family (32, 33) have been reported previously. However, this study 
examines -TAs derived from bacteria of the Amphritea (TR8) and Acidihalobacter (TR2) 
genera, which are bacterial groups rarely investigated from an enzymatic point of view 
(34, 35). Our results suggest that the class III -TA (TR8) from the bacterium of the 
Amphritea genus is thermoactive (up to 65°C) and stable (it retained more than 35% 
activity in methanol, acetonitrile, and DMSO, each at a concentration of 50% [vol/vol]) 
and efficiently converts bulky substrates and (S) amines. The enzyme from the bacte-
rium of the Acidihalobacter genus was capable of accepting bulky substrates as well as 
(R) and (S) amines. These features clearly suggest that those transaminases and their 
bacterial origins should be considered for chemical transformations in the future. 
Particularly noticeable was the high level of performance with ketones in compar-
ison to the results using aldehydes and keto acids, with specific activities for ketones 
being up to 173.4% relative to those of the best-accepted aldehyde and keto acid 
substrates. Such a preference for ketones is rarely observed for other native or engi-
neered -TAs (8–10), which exemplifies the potential of bioprospecting programs to 
identify new enzymes for the amination of bulky ketones. Molecular determinants for 
this unusual specificity for bulky ketones were found and suggested, including a hairpin 
region proximal to the highly conserved Arg414 and residues in its proximity (Fig. 7) as  
a major determinant of the preference for bulky ketones and amines. Identifying 
transaminases containing this hairpin and applying rational or traditional protein 
engineering in the region may allow class III -TAs capable of converting bulky ketones 
and bulky amines to be designed. The conserved Ser231 was also found to be a major 
determinant of the preference for amines with longer alkyl substituents (Fig. S7). 
The present study also reported 6 class III -TAs with a stringent (S) enantioselec-
tivity. This is a common feature within most transaminases, such as the -TAs belong-
ing to PLP type I fold, which are all specific toward the (S) enantiomer of their 
substrates. This also accounts for class III -TAs (30). Interestingly, we also reported four 
ATAs capable of acting toward (S) and (R) amines, with the (S) enantiomer being 
preferred. Note that both (S)- and (R)-selective -TAs have been found in distantly 
related families other than class III -TAs, namely those belonging to Pfam class IV 
transaminases with a PLP type IV fold (28, 36–40). Compared to the (S)-selective 
enzymes, the (R)-selective counterparts are less abundant and have been less studied. 
All (R)-specific class IV -TAs preferentially convert aliphatic substrates with high yields 
and high enantioselectivities [enantiomeric excess (ee) higher than 90% for (R) enan-
tiomers], but the yields are significantly lower with aromatic substrates. Recently, the 
introduction of 27 mutations into a fold IV ATA allowed the substrate scope toward 
bulky substrates to be broadened (29). Therefore, four of the enzymes herein reported 
represent examples of the class III -TA family converting (R) amines, although they also 
convert (S) amines. Having a class III -TA acting toward (S) and (R) amines with low 
selectivity toward the latter may be more of a disadvantage than an advantage, as they 
cannot give access to highly optically pure amines. Although they are not (R) selective, 
the capacity to act efficiently toward (R) amines can be used as a starting point to apply 
rational design and protein engineering to design (R)-selective variants from the 
naturally occurring class III -TAs identified herein and, possibly, others. This study 
suggests a number of molecular determinants which may help in the rational design of 
such enzymes. These determinants include a large active-site pocket, the presence of 
a hairpin region close to the conserved Arg414, and the outward orientation of Arg414 
(Fig. 7). Improving or even reversing the selectivity by single point mutations has also 
been shown by recent examples in other classes of -TA (11, 13), although engineering 
has been shown to lead to variants with low selectivity and it is not a universal effect 
for all substrates (11). 
Taken together, this study reported examples of class III -TAs efficiently converting 
not only bulky ketones with stringent (S) stereochemistry but also one converting bulky 
ketones and bulky amines with a large alkyl substituent and a number converting bulky 
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ketones and both (R) and (S) amines. Four enzymes additionally retained significant 
activity up to 60 to 65°C, and five were stable in concentrations of up to 50% (vol/vol) 
of organic solvents. Altogether, the amine transaminases herein reported display 
biochemical properties that make them attractive candidates for a variety of chemical 
conversions and suggest future actions to design (R)-selective class III -TAs. 
The characterization of the 10 class III -TAs herein described also allows their 
participation in polyamine catabolism, namely that of putrescine, a ubiquitous and 
important biological molecule (41), to be increased. We found that class III -TAs that 
contained the highly conserved Arg414 in an outward conformation (TR2, TR6, TR9, and 
TR10) (Fig. 7) were capable of degrading putrescine via the formation of 4-aminobutanal 
(Fig. 3). In the opposite case, class III -TAs in which Arg414 was in the inward 
conformation (TR3 to TR5, TR7, and TR8) (Fig. 7) were not able to degrade putrescine. TR1 
was also capable of degrading putrescine. Its sequence differs from those of TR2 to TR10 
by the absence of a hairpin region proximal to Arg414 (Fig. 7), causing an inward 
configuration of this residue, which is slightly differently oriented than those in TR3 to 
TR5, TR7, and TR8. Therefore, the orientation of the highly conserved Arg414 may be 
used not only as an indicator of the capacity of class III -TAs to degrade bulky ketones, 
bulky amines, and (R) and (S) amines but also as an indicator of the capacity to degrade 
putrescine. Note that in previously reported class III -TAs, the conserved Arg414 has 
also been shown to adopt different conformations, inward or outward (30). This 
orientation has been implicated in the recognition of carboxylate groups of keto acids 
and in determining the size of the large pocket (27). However, no environmental 
implication was suggested for the different orientations of the conserved Arg414. In 
this study, we found that the different orientations of the conserved Arg414 cannot, per 
se, be directly linked to the distinct capacity to convert keto acids over ketones, as was 
previously suggested (27, 30), since enzymes in which Arg414 is similarly oriented show 
marked differences in substrate preference and their capacity to use keto acids (Fig. 1). 
Rather, we found that the orientation can be linked to the capacity to degrade 
environmentally important biological polyamines (41), such as putrescine, as shown in 
this study (Fig. 3). 
MATERIALS AND METHODS 
General experimental procedures. All chemicals used for enzymatic tests were of the purest grade 
available and were purchased from Fluka-Aldrich-Sigma Chemical Co. (St. Louis, MO, USA). E. coli strains 
MC1061, a generous gift from Eric Geertsma, and DH5 were used for expressing TR1 to TR10. 
Naive screens. The fosmid libraries used in the present study derived from 9 geographically distinct 
marine samples. They include samples from Port of Milazzo and Port of Messina (Sicily, Italy) (16, 18, 42), 
the Ancona harbor (Ancona, Italy), with uric acid and ammonium amendments (17), the Priolo Gargallo 
harbor (Syracuse, Italy) (18), the Arenzano harbor (Ligurian Sea, Genoa, Italy) (18), an acidic beach pool 
on Vulcano Island (Italy) (18, 42), the El Max site (Alexandria, Egypt) (18), Bizerte Lagoon (Tunisia) (18), and 
the Gulf of Aqaba (Red Sea, Jordan) (18). In all cases, DNA extraction and preparation of pCCFOS1 fosmid 
libraries were performed as described elsewhere (16, 18, 42). A genomic library of P. oleovorans strain 
DSM 1045 was constructed as described previously (43), with minor modifications. Briefly, genomic DNA 
of P. oleovorans DSM 1045 was isolated and fragmented by sonication, and appropriately sized fragments 
were then collected by gel extraction and end repaired (44). 5=-End phosphates were removed by using 
alkaline phosphatase (FastAP; Thermo Scientific) followed by DNA precipitation. 3=-End adenine over-
hangs were added by using Taq polymerase and cloned into the pCR-XL-TOPO vector according to the 
manufacturer’s recommendations (TOPO XL PCR cloning kit; Invitrogen). The recombinant plasmids were 
then transformed into E. coli TOP10 cells by electroporation. 
Clones were scored for their ability to perform transamination reactions by adapting a colorimetric 
assay (14). Briefly, the method is based on the use of 2-(4-nitrophenyl)ethan-1-amine as an amine donor 
that when converted into the corresponding aldehyde and subsequently deprotonated would give a 
highly conjugated structure with absorbance in the UV region and an orange/red precipitate. Fosmid 
clones were plated onto large (22.5- by 22.5-cm) petri plates with Luria-Bertani (LB) agar containing 
chloramphenicol (12.5 g ml1) and induction solution (Epicentre Biotechnologies, Madison, WI, USA) in 
an amount recommended by the supplier to induce a high fosmid copy number. After overnight 
incubation at 37°C, the plates were overlaid with 40 ml of a solution of K2HPO4 buffer, pH 7.5 (100 mM), 
containing 0.4% (wt/vol) agar, to which the following chemicals were added immediately prior to use: 
PLP (10 mg, or 1.0 mM final concentration), the amine donor 2-(4-nitrophenyl)ethan-1-amine (202.64 mg, 
or 25 mM final concentration), and benzaldehyde (106.12 mg, or 25 mM final concentration) as the 
aldehyde acceptor. Note that the method can be adapted to any other ketone or aldehyde. Positive 
colonies in agar plates change to an orange/red color in 20 to 30 min when the colonies are overlaid with 
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the screening solution. Screens were also performed with o-xylylenediamine hydrochloride as the amine 
donor by adapting a colorimetric assay (15). Briefly, clones were plated on LB agar containing 12.5 g 
ml1 chloramphenicol (for screening the clone library from environmental sources) or 50 g ml1 
kanamycin (for screening the P. oleovorans clone library). After overnight incubation at 37°C, clones were 
transferred to Whatman paper. A drop of reaction solution containing 5 mM o-xylylenediamine hydro-
chloride and 2.02 mM PLP in 100 mM K2HPO4 buffer, pH 8.0, was placed in the lid of a petri dish and 
covered with the colony-bearing Whatman paper. After the petri dish was sealed to prevent drying of the 
reaction solution, the plate was incubated at 30°C overnight. Positive clones with transaminase activity 
were identified by black coloration. 
Positive clones containing presumptive transaminases were selected, and their DNA inserts were 
sequenced using a MiSeq sequencing system (Illumina, San Diego, CA, USA) with a 2  150-bp sequenc-
ing kit. Upon completion of sequencing, the reads were quality filtered and assembled to generate 
nonredundant metasequences, and genes were predicted and annotated as described previously (45). 
The sequences of the inserts of the plasmids containing TR9 and TR10 genes were obtained from P. 
oleovorans genome data (46) after terminal sequencing of the plasmid insert (LGC Genomics GmbH, 
Berlin, Germany). 
Gene expression. Two expression platforms were used. Codon-optimized synthetic versions of the 
TR1 and TR3 to TR8 candidate genes were synthesized by GenScript (Hong Kong) and delivered in a 
customized pUC plasmid. These constructs were dissolved in sterile water upon arrival and used as 
delivery plasmid for subcloning by fragment exchange (FX) into expression vector pBXCH or pBXNH3 
using E. coli MC1061 as a host (24, 47). Candidate genes for TR2, TR9, and TR10 were amplified from clonal 
DNA using gene-specific primers containing overhangs with restriction sites (NdeI/XhoI for TR2 and 
NdeI/HindIII for TR9 and TR10) and cloned into expression vector pRhokHi-2 using E. coli MC1061 as the 
host (25). 
Recombinant protein purification. All recombinant proteins were expressed with His tags and 
purified as follows. Briefly, selected E. coli clones that were found to convert the screening substrates 
were grown at 37°C on solid LB agar medium supplemented with the appropriate antibiotics (100 g 
ml1 ampicillin for pBXCH or pBXNH3 or 30 g ml1 kanamycin for pRhokHi-2). Single colonies were 
picked and used to inoculate 10 ml of LB broth supplemented with the appropriate antibiotic in a 
0.25-liter flask. The cultures were then incubated at 37°C and 200 rpm overnight. Afterwards, 10 ml of this 
culture was used to inoculate 0.5 liter of LB medium plus antibiotic, which was then incubated to an 
optical density at 600 nm (OD600) of approximately 0.7 (ranging from 0.55 to 0.75) at 37°C. The expression 
of TR1 and TR3 to TR8 was induced by adding L-arabinose to a final concentration of 0.1%, followed by 
incubation for 16 h at 16°C. TR2, TR9, and TR10 were constitutively expressed using the same conditions 
(no inductor needed). In all cases, the cells were harvested by centrifugation at 5,000  g for 15 min to 
yield a pellet of 2 to 3 g (wet weight). The wet cell pellet was frozen at 86°C overnight, thawed, and 
resuspended in 15 ml of 40 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7.0. 
Lysonase bioprocessing reagent (Novagen, Darmstadt, Germany) was added (4 l g1 wet cells) and cells 
incubated for 60 min on ice with rotation. The cell suspension was sonicated for a total of 5 min and 
centrifuged at 15,000  g for 15 min at 4°C, and the supernatant was retained. The soluble His-tagged 
proteins were purified at 4°C after binding to Ni-NTA His-Bind resin (Sigma Chemical Co., St. Louis, MO, 
USA), followed by extensive dialysis of the protein solutions against 100 mM K2HPO4 buffer, pH 7.5, by 
ultrafiltration through low-adsorption, hydrophilic, 10,000 (10K)-nominal-molecular-weight-cutoff mem-
branes (regenerated cellulose, Amicon) and storage at 4°C. The proteins were further purified by gel 
filtration as described previously (48). Purity was assessed as 98% using SDS-PAGE analysis (49) in a  
Mini-PROTEAN electrophoresis system (Bio-Rad). The protein concentration was determined according to 
the Bradford method with bovine serum albumin as the standard (50). 
Enzyme assays for determinations of acceptor substrates. Transaminase activity was assayed 
using 2-(4-nitrophenyl)ethan-1-amine and structurally diverse keto acids, aldehydes, and ketones in 
96-well plates as previously described with some modifications (14). Note that K2HPO4 buffer was used, 
following recommendations described elsewhere (11, 14, 28). Briefly, assay reactions were conducted as 
follows. Prior to the assay, a solution of 25 mM amine donor 2-(4-nitrophenyl)ethan-1-amine and 1.0 mM 
cofactor PLP was first prepared in 100 mM K2HPO4 buffer, pH 7.5 (40 ml). A 400 mM acceptor (keto acid, 
aldehyde, or ketone) stock solution was prepared in acetonitrile or buffer, depending on solubility. 
Reaction assays, in 96-well microtiter plates, were started by adding 2.5 l of a protein solution (stock 
solution, 10.0 mg/ml in 100 mM K2HPO4 buffer, pH 7.5) to an assay mixture containing 185 l of  
PLP–2-(4-nitrophenyl)ethan-1-amine solution and 12.5 l of acceptor stock solution. The final volume of 
the assay mixture was 200 l, and the amine donor and acceptor concentrations were 25 mM each. All 
measurements were performed in triplicates at 40°C in a microplate reader at 600 nm (Synergy HT 
multimode microplate reader; BioTek) in continuous mode for a total time of 180 min. Specific activities 
(in U g1 protein) were determined. One unit (U) of enzyme activity was defined as the amount of protein 
required to transform 1 mol of substrate in 1 min under the assay conditions using a reaction product 
extinction coefficient (aldehyde 4 in reference 14) of 537 M1 cm1 at 600 nm, as determined experi-
mentally. All values were corrected for nonenzymatic transformation (background rate). 
Enzyme assays for determination of amine substrates, including enantiopure amines. Transam-
inase activity was assayed using benzaldehyde as the acceptor and structurally diverse amines in 96-well 
plates. Any other aldehyde, ketone, or keto acid may be used instead of benzaldehyde. Prior to the assay, 
a solution of 25 mM benzaldehyde as the acceptor and 1.0 mM PLP as the cofactor was first prepared in 
100 mM K2HPO4 buffer, pH 7.5 (40 ml). Then, a stock solution of each amine was prepared in acetonitrile 
or buffer, depending on the solubility. Reaction assays, in 96-well microtiter plates, were started by 
January 2019 Volume 85 Issue 2 e02404-18 aem.asm.org 16 
Class III -TAs Converting Bulky Ketones and Putrescine Applied and Environmental Microbiology 
adding 2.5 l of a protein solution (stock solution, 10.0 mg/ml in 100 mM K2HPO4 buffer, pH 7.5) to an 
assay mixture containing 185 l of PLP-benzaldehyde solution and 12.5 l of amine stock solution. The 
final volume of the assay mixture was 200 l, and the amine donor and acceptor concentrations were 
25 mM each. Reactions were allowed to proceed for 60 min at 40°C, during which time the amount of 
benzaldehyde remaining (not reacting with the amines) was determined every 5 min by adding 12.5 l 
of a stock solution of the amine 2-(4-nitrophenyl)ethan-1-amine (400 mM in 100 mM K2HPO4 buffer, pH 
7.5). After adding 2-(4-nitrophenyl)ethan-1-amine, the reaction was allowed to proceed for 10 min and 
absorbance due to the appearance of orange/red color was recorded continuously in a microplate reader 
at 600 nm (Synergy HT multimode microplate reader; BioTek). Lower absorbance values imply higher 
consumption of benzaldehyde and, thus, of the corresponding amines used as donors. Enzyme activity 
under the assay conditions was expressed as the amount of enzyme required to transform 1 mol of 
substrate in 1 min under the assay conditions using a reaction product extinction coefficient (aldehyde 
4 in reference 14) of 537 M1 cm1 at 600 nm. All values were corrected for nonenzymatic transformation 
(background rate) and for the results from a control reaction mixture containing benzaldehyde but not 
amines [no transfer reaction occurs, so all of the benzaldehyde reacts with 2-(4-nitrophenyl)ethan-1-
amine]. 
Mass spectrometry. Conventional mass spectrometry analyses were performed on a hybrid qua-
drupole time-of-flight (Q-TOF) analyzer (QSTAR Pulsar I; AB Sciex, Framingham, MA, USA). Reaction 
samples were analyzed by direct infusion and ionized by electrospray ionization-mass spectrometry 
(ESI-MS) with methanol as the mobile phase in positive reflector mode. High-resolution mass spectrom-
etry (HR-MS) analysis was carried out by flow injection analysis combined with electrospray ionization-
mass spectrometry (FIA-ESI-MS) on an Agilent G6530A accurate-mass Q-TOF liquid chromatography-
mass spectrometry (LC-MS) system (Agilent Technologies, Santa Clara, CA, USA). The sample was directly 
infused and ionized by ESI in negative reflector mode. Ionization was enhanced by JetStream technology, 
and the mobile phase was 99.9:0.1 (vol/vol) H2O–formic acid. Data were processed with MassHunter Data 
Acquisition B.05.01 and MassHunter Qualitative Analysis B.07.00 software (Agilent Technologies). 
GC analysis for determination of chiral selectivity. Enantioselectivity was evaluated by kinetic 
resolution of (R) and (S) amines. Prior to the kinetic resolution assay, a solution of 25 mM benzaldehyde 
as the acceptor and 1.0 mM PLP as a cofactor was first prepared in 100 mM K2HPO4 buffer, pH 7.5 (40 ml). 
A stock solution of a racemic mixture of (R)- and (S)-aminononane at a concentration of 400 mM each in 
acetonitrile was prepared. Reaction assays, in 5.0-ml Eppendorf tubes, were started by adding 25 l of a  
protein solution (stock solution, 10.0 mg/ml in 100 mM K2HPO4 buffer, pH 7.5) to an assay mixture 
containing 1,850 l of PLP-benzaldehyde solution and 125 l of racemic (R)-/(S)-aminononane stock 
solution. The final volume of the assay mixture was 2,000 l, and the concentrations of (R)- and 
(S)-aminononane and benzaldehyde were 25 mM each. Reactions were allowed to proceed at 40°C for 
60 min. Next, the reaction mixture was filtered through an adsorptive, hydrophilic, 3K-nominal-
molecular-weight-cutoff membrane (regenerated cellulose, Amicon) to remove the enzymes. Then, 10 l 
of a stock solution of (R)-2-aminohexane was added as an internal standard to take into consideration 
biases due to the extraction procedure, as follows. To 0.2 ml of the reaction mixture, 0.2 ml ethyl acetate 
was added, and after vigorous vortexing, the solvent used for GC-MS analysis. The GC system (Agilent 
Technologies 7890A) consisted of an autosampler (Agilent Technologies 7693) and an inert MSD (mass 
selective detection) instrument with quadrupole (Agilent Technologies 5975). A total of 2 l of the  
sample was injected through a CP-Chirasil-Dex CB GC column (25 m in length, 0.25-mm internal 
diameter, 0.25-m film) (J&W GC columns; Agilent). The flow rate of the helium carrier gas, the split ratio, 
and the temperature gradient were optimized for each of the chiral mixes. After each injection, the 
column was cleaned up during 2 min at 200°C using a 1.5-ml/min flow rate. The detection of each chiral 
compound [(R)- and (S)-aminononane] was performed in single-ion-monitoring (SIM) mode in order to 
maximize the sensitivity. The elution order and the target ions were previously validated with a mixture 
of standards and the NIST 14 library. The semiquantification of (R)- and (S)-aminononanes was performed 
using MassHunter Qualitative Analysis software (B.06.00; Agilent), reporting the area for the individual 
peaks in arbitrary units, on the basis of which enantiomeric excess and conversion were calculated. 
Stereochemistry was also calculated by following the asymmetric synthesis of (R)- and (S)-
aminononane. Asymmetric synthesis assays were performed at 40°C for 180 min in 100 mM K2HPO4 
buffer, pH 7.5, containing 1 mM PLP and 25 g pure protein. The reaction mixture contained 25 mM 
2-nonane as the acceptor and 25 mM 2-(4-nitrophenyl)ethan-1-amine as the amine donor. The conver-
sion was measured by detection of the formed amines (R)-aminononane and (S)-aminononane by GC 
after extraction of the reaction products as described above. The percent-enantiomeric-excess values for 
products were analyzed by GC. Note that conversions were not optimized. 
Enzyme assays for determinations of optimal parameters for activity. Temperatures between 25 
and 70°C were tested to determine the conditions under which each protein displayed maximal activity 
in 100 mM K2HPO4 buffer, pH 7.5. Assays of activity in the presence of a water-miscible solvent were 
performed by adding methanol, acetonitrile, dimethyl sulfoxide, dimethyl acetamide, isopropanol, or 
acetone at concentrations from 5% to 50% (vol/vol). Benzaldehyde and 2-(4-nitrophenyl)ethan-1-amine 
were used as the acceptor and donor, respectively. The standard assay conditions to determine optimal 
temperatures and activities in the presence of solvents were as for determinations of acceptor substrates 
(see above). 
Homology modeling and docking simulations. Homology models were developed using Prime 
software from Schrödinger. Prime uses BLAST (with the BLOSUM62 matrix) for homology search and 
alignment and refines the results using the Pfam database and pairwise alignment with ClustalW. 
Docking simulations of (S)-()-2-aminononane and (R)-()-2-aminononane with the structural models 
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created for each of the class III -TAs were carried out using the Protein Energy Landscape Exploration 
software, which offers one of the best modeling alternatives to map protein-ligand dynamics and 
induced fit, as described previously (48). The substrate was initially positioned in the active site with the 
nitrogen atom of the substrate toward the Lys catalytic base. The substrate conformation was set to be 
fully flexible in the docking simulations, whereas the protein conformation was not allowed to change. 
Genetic enzymology analysis. Sequence similarity networks (SSNs) were generated by using the 
Enzyme Function Initiative’s Enzyme Similarity Tool (EFI-EST) (51). All-vs-all BLAST was performed against 
the first 500 BLAST hits in UniProt (2018_06) for each query sequence (option A). A negative LogE value 
was applied for the initial network generation. The network consists of the nodes representing protein 
clusters with 60% sequence identity. The network was visualized in Cytoscape version 3.3.0 (52), using 
the organic layout in which the lengths of the edges correlate with the dissimilarity of the connected 
sequences represented by the nodes. The subgroupings in each major cluster were visualized by 
gradually increasing the stringency of the LogE filter of the networks. The final network was used to build 
genome neighborhood networks (GNNs) in EFI’s Genome Neighborhood Network Tool (EFI-GNT). Initial 
default values of a 10-ORF window and 20% cooccurrence were chosen, although the values were 
eventually narrowed to a 5-ORF window and 20% cooccurrence. The GNT database uses the updated 
UniPro 2018_06 and ENA 136 versions. Accession numbers within relevant Pfam nodes were extracted 
and used for building a new SSN using option D. The published functional data were used to determine 
the consensus function and substrate preference of each subfamily of protein sequences. 
Accession number(s). The sequences were named based on the code TR, which refers to transam-
inase, followed by an arbitrary number representing 1 of the 10 enzymes analyzed. Sequences encoding 
the enzymes designated TR1 to TR8 were deposited at the NCBI public database under accession 
numbers MF158200, MH588437, MF158202, MF158203, MF158204, MF158205, MF158206, and 
MF158207. Sequences encoding TR9 and TR10 are available as part of the genome sequence of P. 
oleovorans (accession numbers NZ_NIUB01000001 and NZ_NIUB01000017). 
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Chapter 4: Controlled manipulation of enzyme specificity through immobilization-induced flexibility
constraints.
In this work, we continue with the idea of turning promiscuous but not enantio-selective enzymes into
promiscuous and enantio-selective enzymes. This phenotype, which is widely appreciated in industry is,
however, uncommon in nature, as discussed in Chapters 1 and 2. As we know that the flexibility of a
protein may be also a structural determinant for its catalytic properties we wanted to explore the concept
of the so-called supramolecular engineering by analyzing the consequences of changing the flexibility of
the protein scaffold in the specificity and selectivity features. This was done by applying multiple
immobilization techniques to an ester-hydrolase.
The idea was to start with enzymes with proven substrate promiscuity and use these as a lead scaffold to
produce better variants in terms of expanded substrate specificity and selectivity. The EH1 ester-
hydrolase was selected for this purpose as being the top substrate promiscuous ester-hydrolase in our
collection, as it is not enantio-selective. In this Chapter, we selected both a mesoporous material and
micro-particles for immobilizing the previously mentioned ester-hydrolase. We first ensured that the size
of the pore of the mesoporous material was significantly bigger than that of EH1 so that the enzyme can
enter the pore and remain inside the material and the substrates can freely diffuse in and out of the
support. In this case, as no covalent interactions exist, the free movement of the enzyme was guaranteed.
In a second step, we designed a mesoporous material with pore sizes close to that of the enzyme so that
the protein can enter but the movement is constrained. Finally, and in a similar way, the enzyme was
immobilized on the surface of two similar micro-particles but through linkers of different natures and
lengths, so that the covalent linking of the enzyme can be associated with differences in flexibility/rigidity.
A total of 4 bio-catalysts were prepared, which when tested with the 96 esters used in Chapter 1 allowed
evaluating the effect of the different immobilization techniques both in the substrate profiles and the
enantio-selectivity. The major outcome was that a promiscuous but not enantio-selective enzyme can be
transformed into a promiscuous enzyme with stringent stereo-specificity when the flexibility of the
enzyme is constrained. Also, depending on the flexibility constraints one can create biocatalysts with the
capacity to convert different chiral molecules with stringent stereo-specificity in all cases. Together, by
diminishing or differentially influencing the level of flexibility of an enzyme during immobilization, one
can differentially influence the access and positions of different substrates, including chiral ones, in the
active site.
The results of this Chapter may open future possibilities to study the level of flexibility/rigidity that
different immobilization tools produced in enzymes and their catalytic consequences. In addition to that,
these influences may produce additional benefits to the immobilization process itself, which can be
beneficial for protecting the enzyme against organic solvents, temperatures or other extreme conditions,
typically used in the industrial sector. The economic saving by re-utilizing the biocatalysts is an important
characteristic that makes immobilized enzymes very suitable for their application in biotech companies.
79
T
Applied Catalysis A, General 565 (2018) 59–67 
Contents lists available at ScienceDirect 
Applied Catalysis A, General 
journal homepage: www.elsevier.com/locate/apcata 
Controlled manipulation of enzyme specificity through immobilization-
induced flexibility constraints 
Cristina Coscolína, Ana Beloquib, Mónica Martínez-Martíneza, Rafael Bargielaa,c, 
Gerard Santiagod, Rosa M. Blancoa, Guillaume Delaittree,f, Carlos Márquez-Álvareza,⁎ ,
⁎Manuel Ferrera, 
a Institute of Catalysis, Consejo Superior de Investigaciones Científicas, 28049 Madrid, Spain 
b CICnanoGUNE, 20018 San Sebastián, Spain 
c School of Chemistry, Bangor University, LL57 2UW Bangor, UK 
d Barcelona Supercomputing Center (BSC), 08034 Barcelona, Spain 
e Karlsruhe Institute of Technology, Institute of Toxicology and Genetics, 76344 Eggenstein-Leopoldshafen, Germany 
f Karlsruhe Institute of Technology, Institute for Chemical Technology and Polymer Chemistry, 76131 Karlsruhe, Germany 








It is thought that during immobilization enzymes, as dynamic biomolecules, may become distorted and this may 
alter their catalytic properties. However, the effects of different immobilization strategies on enzyme rigidity or 
flexibility and their consequences in specificity and stereochemistry at large scale has not been yet clearly 
evaluated and understood. This was here investigated by using as model an ester hydrolase, isolated from a 
bacterium inhabiting a karstic lake, with broad substrate spectrum (72 esters being converted; 61.5 U mg−1 for 
glyceryl tripropionate) but initially non-enantiospecific. We found that the enzyme (7 nm × 4.4 nm × 4.2 nm) 
could be efficiently ionic exchanged inside the pores (9.3 nm under dry conditions) of amino-functionalized 
ordered mesoporous material (NH2-SBA-15), achieving a protein load of 48 mg g−1, and a specific activity of 
−14.5 ± 0.1 U mg . When the enzyme was site-directed immobilized through His interaction with an im-
mobilized cationon the surface of two types of magnetic micro-particles through hexahistidine-tags, protein 
−1loads up to 10.2 μg g−1 and specific activities of up to 29.9 ± 0.3 U mg , were obtained. We found that 
ionically exchanged enzyme inside pores of NH2-SBA-15 drastically narrowed the substrate range (17 esters), to 
an extent much higher than ionically exchanged enzyme on the surface of magnetic micro-particles (up to 61 
esters). This is attributed to differences in surface chemistry, particle size, and substrate accessibility to the active 
site tunnel. Our results also suggested, for the first time, that immobilization of enzymes in pores of similar size 
may alter the enzyme structures and produce enzyme active centers with different configuration which promote 
stereochemical conversions in a manner different to those arising from surface immobilization, where the 
strength of the ionic exchange also has an influence. This was shown by demonstrating that when the enzyme 
was introduced inside pores with a diameter (under dry conditions) slightly higher than that of the enzyme 
crystal structure a biocatalyst enantiospecific for ethyl (R)-4-chloro-3-hydroxybutyrate was produced, a feature 
not found when using wider pores. By contrast, immobilization on the surface of ferromagnetic microparticles 
produced selective biocatalysts for methyl (S)-(+)-mandelate or methyl (S)-lactate depending on the functio-
nalization. This study illustrates the benefits of extensive analysis of the substrate spectra to better understand 
the effects of different immobilization strategies on enzyme flexibility/rigidity, as well as substrate specificity 
and stereochemistry. Our results will help to design tunable materials and interfaces for a controlled manip-
ulation of specificity and to transform non-enantiospecific enzymes into stereo-chemically substrate promiscuous 
biocatalysts capable of converting multiple chiral molecules. 
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1. Introduction 
Enzymes are delicate organic catalysts that need to be stabilized to 
survive a range of challenging conditions typically used in industrial 
processes. Multiple immobilization methods and materials have been 
successfully employed to generate stabilized biocatalysts [1–4], but the 
most efficient immobilization protocol and materials may be selected 
aiming at a balance between activity, specificity, stability, and costs 
[5]. Besides most used carriers such as (epoxy)acrylic resins and 
agarose and widely used nanoparticles such as chitosan and nano-
flowers [6], outstanding recent examples for enzyme immobilization 
and stabilization included biomimetic silica supports [7], mesos-
tructured onion-like silica [8], hybrid macroporous foams synthesized 
via an integrative chemistry synthetic pathway [9], superparamagnetic 
silica/iron oxide nanocomposites with mesostructured porosity [10], 
maghemite (γ-Fe2O3) nanoparticles functionalized with a reactive 
multifunctional polymer [11], dendronized polymer and mesoporous 
silica nanoparticles [12], carbon nanotubes and polymers [13], epoxy-
activated carriers [14], borosilicate [15], hematite nanoparticles [16], 
phyto-inspired silica nanowires [17], and materials with bioinspired 
coatings [18], to cite some. These studies exemplify the large interest in 
designing new and more efficient carriers for enzyme immobilization, 
the comparative analysis of which at large, in relation to their effect in 
enzyme substrate specificity (including enantiospecificity), may de-
serve further interest. 
A major advance in the last decade has been the development of 
enzyme encapsulation in ordered mesoporous materials, because of 
their high specific surface area and pore volume, their highly uniform 
and tunable pore sizes, and the possibility to create micropores inter-
connecting mesopores and to control their morphology; they are also 
thermally, mechanically and chemically stable [5,19–23]. Various 
proteins have been successfully immobilized on mesoporous materials, 
including, non-catalytic proteins, oxidoreductases, hydrolases, lyases 
and isomerases [5,24–41]. Enzymes immobilized in confined macro-
molecular environments where the surface and volume of the confined 
environment can be controlled, are suggested to constitute optimal 
enzymatic nanoreactors [19,42,43]. Their surface can be grafted with 
different functionalities [23,17,18], a property particularly interesting 
to allow, for example, the ionic exchange enzyme encapsulation in 
amino-functionalized ordered mesoporous materials. This development 
led to an increased enzyme loading (up to 187 mg g−1 of catalyst) by 
simply adjusting synthetic conditions of the siliceous material for the 
obtaining of pores large enough to permit enzyme entrance and diffu-
sion through the pore channels [17,18]. As example, mesoporous ma-
terials with pore diameters as low as 3–10 nm and also tailored between 
3–30 nm have been synthesized [for examples see ref. 
19,23,25,28,29,31], and enzymes with sizes such as 6.1 nm × 5.0 
nm × 4.9 nm [20] have been immobilized in the pores. In these ordered 
structures the enzyme is immobilized by electrostatic interactions with 
limited diffusional restrictions and low enzyme modification, typically 
occurring after covalent binding or crosslinking [44]. This ion exchange 
of the enzyme on the support, was demonstrated to minimize leaching 
and maximize activity and stability of the biocatalyst [17,18]. 
Compared to free enzyme in solution, immobilization on a surface 
often hinders the free movement of the enzyme, although it is believed 
that the enzyme is positioned in an environment where the inherent 
flexibility is high [45]. The confinement in the pores of mesoporous 
materials is also thought to hinder the free movement of enzyme, but to 
what extent the differences in movement and flexibility affects enzyme 
properties remains to be elucidated. In this direction, it is only supposed 
that larger substrates may be preferably hydrolyzed by enzymes im-
mobilized on the external surface or at the entrance of the channels of 
mesoporous materials because of substrate diffusional and enzyme or-
ientation issues, as it was demonstrated by modelling predictions [46] 
and also using a lipase when tested with small (tributyrin) and large 
(triolein) substrates [47]. However, a general overview about how 
enzyme immobilization inside pores affects substrate specificity com-
pared to the free enzyme and surface-immobilized enzyme remains to 
be established. Indeed, diverse surface immobilization methods have 
been shown to preserve activity level and, most importantly, to even 
create enantiospecific enzymes such as lipases [for example see ref. 
48–50]. These, and other studies, have been performed using a re-
stricted set of molecules and a comparative analysis at large is lacking. 
Here, we examine the substrate range and enantiospecificity of a 
target enzyme by using as supports, an amino-functionalized ordered 
mesoporous material (NH2-SBA-15) allowing non-covalent enzyme 
immobilization inside pores and two types of magnetic microparticles 
for non-covalent surface immobilization. Particularly, agarose-coated 
ferromagnetic core-shell microparticles with a nitrilotetracetic acid 
(NTA) tetradentate ligand, and polyvinyl alcohol microparticles em-
bedded with magnetite and grafted with an iminodiacetic acid (IDA) 
tridentate ligand. Both particles were Ni2+-activated and thus can be 
used for purification and immobilization given the affinity for hex-
ahistidine-tags. As model enzyme, a serine ester hydrolase isolated from 
the metagenomic DNA of microbial communities inhabiting a karstic 
lake [51], referred to as EH1, with a typical α/β hydrolase fold as a 
model. Its structure was recently solved (PDB code 5JD4) [51,52], and 
in a recent study it was identified as one of the ester hydrolases with 
broader substrate spectrum among a total of 147 when tested with a set 
of 96 chemically and structurally different esters [51]. The active site 
(catalytic triad: Ser161, Asp256 and His286; oxyanion hole: Gly88, 
Gly89 and Gly90) supports the hydrolysis of a broad range of 72 esters, 
with vinyl butyrate (200.7 ± 0.4 U mg−1) and phenyl propionate 
(198.7 ± 0.9 U mg−1) serving as the best substrates (Table S1). Being 
highly promiscuous in terms of substrate scope, EH1 is not en-
antiospecific; thus the apparent enantiospecificity (Eapp) factor calcu-
lated as the ratio of specific activities for 14 chiral esters when pure 
stereoisomers were tested separately [53] was below 25, a value above 
which ester hydrolases begin to have practical value [54]. Based on 
these considerations, EH1 may be then considered as an ester hydrolase 
with prominent substrate promiscuity but with limited practical use due 
to the low stereospecificity. Because substrate promiscuity and en-
antiospecificity are two appreciated properties when combined in a 
single biocatalyst, which is rare in nature within esterases [54], we 
evaluated whether both properties can be tailored by employing three 
immobilization strategies. 
To the best of our knowledge, detailed analysis of the substrate 
spectrum and interpretation of the data provides, for the first time, new 
insights into the contribution of chemical, physical, and flexibility 
constrains to the catalytic capacity of biocatalysts prepared by these 
immobilization methods. We would like to highlight that the effect of 
immobilization on enzyme flexibility has been previously studied, for 
example, by increasing the number of bonds by which the enzyme is 
linked to the surface of carriers [48–50]. It is though that this increases 
enzyme rigidity and in turn has a consequence in promoting enzyme 
stability and activity when tested over a specific set of substrates 
[48–50]. The novelty of this study is that through an analysis of the 
substrate specificity with a very broad spectrum of molecules, and 3 
different immobilization techniques, we were able to demonstrate that 
each polymeric carrier induced different flexibility and rigidity con-
straints to the enzyme with distinct effects on specificity and, most 
importantly, enantiospecificity, which can be also controlled. 
2. Experimental section 
2.1. Chemicals and EH1 protein source 
All chemicals used for enzymatic tests were of the purest grade 
available and were purchased from sources described elsewhere [51]. 
The isolation of the enzyme EH1, available in the expression plasmid 
pET46 Ek/LIC and Escherichia coli BL21 as a host, was reported pre-
viously [51,52]. 
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2.2. Gene expression and protein purification 
Expression of the gene encoding the N-terminally hexahistidine-
tagged enzyme and purification were performed as previously de-
scribed [51,52]. Purity was assessed as > 98% using SDS-PAGE analysis 
in a Mini PROTEAN electrophoresis system (Bio-Rad) [55]. The protein 
concentration was determined according to Bradford assay with bovine 
serum albumin as a standard [56]. 
2.3. Synthesis and characterization of the mesostructured silica support and 
EH1 immobilization 
Mesoporous silica with a periodic arrangement of uniform-diameter 
pore channels (SBA-15 mesostructure) was synthesized according to the 
method reported by Linton and Alfredsson [57]. A 2.5 wt% aqueous 
solution of Pluronic PE-10400 (BASF) surfactant was prepared by 
carefully dissolving this compound in a 1.6 M HCl solution, at 35 °C, in 
a closed polypropylene container kept under magnetic stirring for 2 h. 
Tetramethyl orthosilicate (TMOS, 98%, Aldrich) was added to this so-
lution (3.8 g TMOS in 100 g of surfactant solution) and the mixture kept 
at 55 °C for 20 h under magnetic stirring. The white solid product 
formed was aged in the mother liquor at 75 °C for 24 h without stirring. 
Finally, the solid was filtered off, washed with absolute ethanol (Pan-
reac) and calcined in air in a muffle furnace at 550 °C for 6 h using a 
2 °C min−1 heating ramp. The white powder obtained is labelled “SBA-
15”. 
Powder X-ray diffraction (XRD) pattern of SBA-15 silica (Fig. 1) 
were recorded at low angle (0.4-6°, step size 0.0167°) with a PANaly-
tical X’Pert Pro diffractometer using CuKα radiation with a nickel filter. 
The pattern confirms that the pore channels arrangement exhibits 
p6mm hexagonal symmetry. It shows an intense peak at a 2θ angle of 
0.9° corresponding to the d100 spacing and two weak reflections at 2θ 
close to 1.5° and 1.7°, assigned to the d110 and d200 spacing, respec-
tively. From these data, the calculated unit-cell lattice parameter a0 is 
11.3 nm. Note that the unit-cell lattice parameter a0 corresponds to the 
distance between the centers of two neighboring cylindrical pore 
channels (that is, the sum of the pore diameter and of the width of the 
silica pore wall that separates two channels). 
Scanning electron microscopy (SEM) images were recorded using a 
FEI Nova NanoSEM 230 FE-SEM microscope equipped with vCD de-
tector. These images show (Fig. 2, left) the plate-like shape of silica 
particles. Platelets were several microns wide and their thickness was 
close to 200 nm. Transmission electron microscopy (TEM) images (ob-
tained with a JEOL JEM-2100 electron microscope operated at 200 kV) 
Fig. 1. XRD pattern of SBA-15 silica. 
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showed (Fig. 2, right) that the mesopore channels exhibit a long-range 
2D hexagonal arrangement, in agreement with XRD data, and that these 
channels run parallel to the short axis of the platelets. 
Nitrogen adsorption-desorption isotherm of SBA-15 silica (Fig. 3) 
was acquired at 77 K with a Micromeritics ASAP 2420 sorptometer. 
Prior to analysis, the sample was degassed at 623 K for 16 h. The iso-
therm obtained is of the type IVa according to 2015 IUPAC classifica-
tion [58]. This type of isotherm shows a steep increase of the adsorbed 
volume (that takes place at a relative pressure around 0.7 in the iso-
therm plotted in Fig. 3), due to capillary condensation in mesopores, 
together with a hysteresis loop that is consistent with the presence of 
cylindrical mesopores. Pore size distribution (Fig. 3, inset) was obtained 
from the adsorption data using the methods of non-local density func-
tional theory (NLDFT) with the kernel function for oxide materials with 
cylindrical pores [59,60]. The narrow distribution obtained indicates 
that the dried mesoporous silica possesses pore channels with a highly 
uniform diameter close to 9.3 nm. DFT calculations also indicated that 
mesopores account for a total volume of 0.44 cm3 g−1 and that the 
sample exhibits some micro-porosity (as expected for SBA-15 silica) 
accounting for an additional volume of 0.1 cm3 g−1. 
The SBA-15 silica sample was functionalized with aminopropyl 
groups by grafting with an alkoxysilane. The silica powder (0.833 g) 
was placed inside a round bottom flask and dried overnight under va-
cuum (ca. 10−2 mbar) at 80 °C. Then, 50 mL of toluene (anhydrous, 
99.8%, Sigma-Aldrich) were added to the flask and the solid kept in 
suspension with magnetic stirring under dry nitrogen atmosphere. To 
this suspension, 1.0 mL of 3-aminopropyl)triethoxysilane (APTES, 99%, 
Aldrich) was added (equivalent to 5 mmol alkoxysilane per gram of 
silica) and the mixture kept under reflux for 24 h. The solid was finally 
filtered off and washed with dry toluene and acetone. The content of 
amino groups in the functionalized sample was determined to be 
1.0 mmol g−1, as measured by CHN elemental analysis using a LECO 
CHNS-932 equipment. This sample, labelled “NH2-SBA-15”, was used as 
support for immobilization of EH1. 
Briefly, a total of 0.96 mL of esterase solution (5 mg mL−1) was 
added to 10.04 mL of 40 mM HEPES buffer pH 7.0. Once dissolved, 
100 mg NH2-SBA-15 silica were added to 10 mL of this solution. 
Catalytic activity of the protein solution before immobilization was 
measured using p-nitrophenyl acetate (pNP-acetate) as substrate as 
described previously [52]. Immobilization was allowed to proceed at 
different intervals after which the catalytic activity was evaluated in the 
supernatant and on the mesoporous silica (prior re-suspension in HEPES 
(40 mM, pH 7.0)) previously separated by centrifugation (13000 rpm, 
room temperature, 1.5 min), and compared to the activity of the initial 
esterase solution. The immobilization proceeded until the activity of the 
supernatant was constant, which indicated full enzyme immobilization. 
Then, the suspension was filtered using sintered glass funnel, washed 
with HEPES (40 mM, pH 7.0), and vacuum-dried. The specific activity 
of the immobilized enzyme was evaluated by quantifying the total units 
of esterase activity (measured using pNP-acetate as substrate) at the 
beginning of the experiment and the total units of the immobilized 
biocatalyst (tested using 9.4 mg of the biocatalyst re-suspended in 1 mL 
HEPES buffer, pH 7.0), as reported previously [52]. Under these con-
ditions, after 48 h, only 4% of the initial activity remained in the su-
pernatant and the enzyme loading obtained was of 48 mg esterase per 
gram of NH2-SBA-15 (or 96% total protein being immobilized) after 
calculation of protein concentrations according to Bradford assay with 
bovine serum albumin as the standard [56]. 
Fig. 4 summarizes the protocol used for the synthesis of the me-
sostructured silica support and EH1 immobilization, performed at pH 
7.0, at which the amino groups of the support are positively charged 
and the net charge of the enzyme is negative. Additional comments on 
enzyme immobilization kinetics is provided in the Supporting In-
formation. 
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Fig. 2. Left: SEM micrograph showing the plate-like morphology of SBA-15 silica particles. Right: TEM image recorded in the direction of the axis of SBA-15 
mesopore channels. For experimental details see Experimental Section. 
Fig. 3. Nitrogen adsorption-desorption isotherm at 77 K of silica SBA-15. Full 
symbols correspond to the adsorption branch and empty symbols to desorption. 
The inset shows the pore-size distribution calculated by NLDFT. The Nitrogen 
adsorption-desorption isotherm for NH2-SBA-15 is not shown but it is estimated 
that the grafting of aminopropyl groups on the surface of pores will decrease the 
pore width by ca. 2 nm. 
2.4. EH1 immobilization on magnetic microparticles 
Two types of commercial (PerkenElmer LAS, Rodgau, Germany) 
magnetic microparticles with differentiated structural, chemical and 
physical properties were used for surface immobilization of the enzyme. 
The first one is based on a N-hydroxysuccinimidyl (NHS) ester modified 
polyvinyl alcohol (PVA) network with embedded magnetite (M) 
(http://www.chemagen.com/magneticbeads.html) with a diameter size 
range of 1–5 μm. The polymeric shell is chemically modified with the 
iminodiacetic acid (IDA) tridentate ligand, which is eventually used for 
enzyme immobilization. These beads, herein referred to as M-PVA-
IDA@Ni, were activated with NiSO4 prior to being used to capture His-
tagged proteins. The second type of microparticles, referred to as M-Ag-
NTA@Ni, is fabricated by coating a ferromagnetic core with 6% of 
crosslinked agarose (http://www.cube-biotech.com/s-products/ 
magnetic-beads/his-affinity-magbeads/ni-nta-magbeads). These ready-
to-use Ni-activated particles possess significantly larger dimensions 
(25–30 μm), and bear nitrilotetracetic acid (NTA) tetradentate ligand as 
chelating agent instead of IDA. The characteristics of the magnetic 
particles, which are commercially available, are described in https:// 
cube-biotech.com/his-affinity-purification-guide. The particles are 
Ni2+-activated and thus can be used for protein purification given the 
affinity for hexahistidine-tags. In our study we used these carriers for 
site-directed immobilization by capturing His-tagged proteins though 
Ni2+ which is differentially incorporated to the particles, as described 
above. We would like to mention that after immobilization via the 
hexahistidine-tags, it is possible that other groups others than His in-
teract with the metal, or that some ion exchange may occur. The same 
enzyme immobilization protocol was used for both sorts of supports. 
Shortly, particles (50 μL; delivered as 25% particle suspensions) were 
retained by a magnet and the solution was decanted; after a careful 
removal of the supernatant the pellet was washed twice with sodium 
phosphate buffer (30 mM, pH 8.0) and mixed afterwards with the en-
zyme solution (600 μL, 1.0mgmL−1) in the same buffer. Microparticles 
were stirred until they were fully suspended. Upon incubation for 2 h at 
room temperature, the particles were once again retained by a magnet 
and the solution decanted and washed by repeating the procedure de-
scribed above 3 times. Final enzyme-particle conjugates were sus-
pended in 200 μL of sodium phosphate buffer (30 mM, pH 8.0) buffer 
and used directly for activity measurements. Protein loading was cal-
culated by measuring the difference in protein concentration before and 
after the immobilization experiment. Hence, protein concentrations of 
≈ 0.64 g L−1 (or ≈ 10.2 μg g−1) for M-PVA-IDA@Ni and ≈ 0.52 g L−1 
(or ≈ 8.3 μg g−1) for M-Ag-NTA@Ni were measured. 
Fig. 5 summarizes the protocol used for EH1 immobilization on 
magnetic microparticles. The EH1 employed was initially designed with 
a His-tag for purification purposes and could therefore be directly 
employed for immobilization. 
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2.5. Ester bond hydrolysis activity assessment 
Hydrolytic activity of free and immobilized preparations was as-
sayed using a pH indicator assay at 550 nm using 96 structurally diverse 
esters in 384-well plates as previously described [51,52]. Briefly, re-
actions (total volume of 44 μL) were performed in 5 mM N-(2-hydro-
xyethyl)piperazine-N’-(3-propanesulfonic acid) buffer (pH 8.0) con-
taining 1.14 mg mL−1 of each ester and 0.45 mM phenol red (used as 
pH indicator), and 2 μL of immobilized preparation (from a 10 mg solid 
particle per mL in 40 mM HEPES buffer pH 7.0) or free enzyme solution 
(1 mg mL−1) were immediately added to each well using an Eppendorf 
Repeater M4 pipette (Eppendorf, Hamburg, Germany). The total reac-
tion volume was 44 μL. Note that a fixed concentration of 1.14 mg 
mL−1 of each ester was used; this corresponds to an ester concentration 
ranging from 1.28 to 13.2 mM, depending on the ester [51], con-
centrations that in all cases were above the Km values for the target 
enzyme [51], so that the substrate saturation was guarantee for activity 
Fig. 4. Schematic representation of the protocol used for 
the synthesis of the NH2-SBA-15 mesostructured silica 
support and EH1 immobilization. EH1 structure with the 
cavity electrostatic surface, in red the negative charge and 
in blue the positive charge, created with Maestro, is re-
presented. The access to the active site tunnel is indicated 
with an arrow. The position of the Hig6-tag is highlighted 
in yellow. Note that only one enzyme biomolecule is 
visible in the entrance of the pores, but each cylindrical 
pore channel could accommodate on average 26 enzyme 
molecules arranged in a row along the channel. 
tests. After incubation at 30 °C and 150 rpm in a Synergy HT Multi-
Mode Microplate Reader, ester hydrolysis was measured spectro-
photometrically in continuous mode at 550 nm over 24 h. One unit (U) 
of enzyme activity was defined as the amount of free enzyme or enzyme 
bound to the carrier required to transform 1 μmol of substrate in 1 min 
under the assay conditions using the reported extinction coefficient 
(εPhenol red at 550 nm = 8450 M−1 cm-1) [51,52]. All values were 
corrected for non-enzymatic transformation using as controls the sus-
pensions of the mesostructured silica and magnetic microparticles 
without immobilized enzyme. Note that, using those control materials, 
no appreciable (below detection limit; see [51]) hydrolysis was de-
tected for any of the tested esters. 
The assay used to determine the substrate specificity and en-
antiospecificity is pH-based, which means that the pH of the reaction 
solution changes as the substrates are hydrolyzed. As the immobiliza-
tion strategies are sensitive towards pH, we determined the pH change 
during the course of the reactions to evaluate the risk of enzyme 
Fig. 5. Schematic representation of the pro-
tocol used for the immobilization of EH1 on 
two types of magnetic microparticles with dif-
ferent chemical and physical properties, 
namely, agarose-coated ferromagnetic core-
shell microparticles in which EH1 was attached 
through a NTA linker and polyvinyl alcohol 
particles embedded with magnetite and grafted 
with an IDA linker. By using Maestro, the po-
sition of the hexahistidine-tag in EH1 is high-
lighted in yellow, in blue (positive charge) and 
red (negative charge) the residues conforming 
the entrance to the active site, and in grey 
color the rest of the protein. The access to the 
active site tunnel is indicated with an arrow. 
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leakage through pH change during the course of the reaction. 
Additional details on the evaluation of pH change before, during and 
after activity tests and their possible effect of enzyme leaching from the 
carriers, which was found below detection limit, are given in the 
Supporting Information. 
2.6. Structure analysis 
The crystal structure of EH1 protein was recently solved and X-ray 
diffraction data collection and refinement statistics are available [51]. 
The Maestro interface (version 10.4) was used to provide structural 
analysis. 
3. Results and discussion 
3.1. Substrate profile and enantiospecificity of EH1 immobilized in NH2-
SBA-15 
EH1, which was used as model enzyme was immobilized on the 
amino-functionalized ordered mesoporous material NH2-SBA-15 (see 
Experimental section and Fig. 4). The immobilized preparation, with 
enzyme loads (48 mg protein per gram of silica) in the range of pre-
viously reported studies [19,20], will be referred to as EH1SBA. The 
hydrolytic activity of EH1SBA was evaluated relative to a set of 72 esters 
hydrolyzed by free EH1 (see Experimental section). The immobilization 
caused a significant reduction in the substrate range (Fig. 6; Table S1) 
as EH1SBA was only able to hydrolyze 17 esters, with cyclohexyl buty-
rate being the preferred substrate (5.3 ± 0.02 U mg−1). Thus, the 
immobilization of the enzyme inside pores narrows the substrate scope. 
Most likely, this significant reduction of substrates may be a con-
sequence of the hydrophilic surface chemistry of the functionalized 
mesoporous silica and of the limited access of molecules to the active 
site when the enzyme is immobilized inside the pores, as it has been 
previously observed for other enzymes [46,47]. However, the fact that 
EH1SBA efficiently hydrolyzed large molecules such as phenyl acetate 
and phenyl propionate, vinyl benzoate, benzyl 2-hydroxy-3-phenyl-
propionate, benzoic acid 4-formyl-phenylmethyl ester, 1-naphthyl 
acetate, 1-naphthyl butyrate, and triglycerides (Fig. 6), suggests further 
factors contributing to the substrate spectra of the final enzymatic 
preparation. Indeed, the partitioning coefficient (LogP value) and the 
molecular volume, which reflects electronic and steric effects and hy-
drophobic and hydrophilic characteristics, revealed that esters being 
hydrolyzed by EH1SBA ranged from LogP values of −0.19 to 3.85, and 
molecular volumes of 115.37 to 297.46 Å3, respectively. However, 
many other esters with similar values were not accepted as substrates 
(Fig. 6; Table S1). Even very hydrophilic and small esters such as ϒ-
valerolactone (LogP: −0.27; volume: 96.74 Å3) and methyl lactate 
(LogP: −0.72; volume: 98.57 Å3) were not hydrolyzed. 
Focusing on stereochemistry, EH1 was capable of hydrolyzing 14 
chiral esters, that is, (R) and (S) enantiomers of menthyl acetate, methyl 
mandelate, ethyl 4-chloro-3-hydroxybutyrate, methyl 3-hydro-
xybutyrate, methyl 3-hydroxyvalerate, methyl lactate and ethyl lactate 
(Fig. 6; Table S1). The Eapp for the free EH1, calculated as the ratio of 
specific activity (U mg−1) of the preferred chiral ester over that of the 
non-preferred one when both esters were tested separately [53,54], 
ranged from 1.45 to 14.2 (Table 1). EH1SBA was capable of hydrolyzing 
only 4 out of the 14 chiral esters for which the free EH1 showed ac-
tivity. Interestingly, the Eapp for ethyl (R)-4-chloro-3-hydroxybutyrate 
over ethyl (S)-4-chloro-3-hydroxybutyrate (LogP: 0.33; volume: 
145.95 Å3) increased from 1.45 for EH1 to 419 for EH1SBA. Slight in-
crease in the Eapp (2.6 vs 4.7 in the same order) was observed for ethyl 
(R/S)-lactate (LogP: -0.19; volume: 115.37 Å3) (Table 1). Other chiral 
esters with lower or higher LogP values and molecular volumes were 
not accepted as substrates. 
To conclude, the immobilization in NH2-SBA-15 caused not only a 
significant reduction of the substrate spectrum but also a significant 
Fig. 6. Substrate range of free EH1 and its immobilized preparations. The ID 
code representing each variant is color coded. This Figure is created from data 
given in Supporting Table S1. The classes of esters tested are indicated on the 
left side. The Figure was created with the R language console using information 
about the specific activity (units g−1) of the analyzed enzymes against the 72 
substrates hydrolyzed by EH1 as a starting point. The activity protocol estab-
lished and used to identify the esters hydrolyzed by each EH1 variant was based 
on a continuous pH indicator assay at pH 8.0 and 30 °C, performed in triplicate 
and corrected for background signal (see Experimental section). The LogP va-
lues for each ester were calculated using the ACD/ChemSketch 2015.2.5 soft-
ware. 
increase in Eapp, particularly for ethyl (R)-4-chloro-3-hydroxybutyrate, 
a chiral compound broadly appreciated for the synthesis of biologically 
and pharmacologically important materials such as (R)-carnitine, (R)-4-
amino-3-hydroxybutyric acid, and (R)-4-hydroxy-2-pyrrolidone [61]. 
We further evaluated whether the observed changes in specificity and 
Eapp of EH1 induced by the immobilization in NH2-SBA-15 were specific 
or not for this support. Therefore, we immobilized EH1 on other car-
riers, i.e., magnetic microparticles, where the enzyme was chemically 
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Table 1 
Enantiospecificity of EH1 and immobilized preparations against a number of 
chiral esters, as revealed by calculations of Eapp. 
bEstimated Eapp 
Estera EH1 EH1SBA EH1IDA EH1NTA 
1RS 9.65 ± 0.70 n.d n.d n.d 
2RS 14.2 ± 0.46 n.d 0.95 ± 0.20 151 ± 1 
3RS 1.45 ± 0.05 419 ± 9 3.58 ± 0.03 0.64 ± 0.24 
4RS 4.89 ± 0.36 n.d 9.09 ± 0.20 3.16 ± 0.31 
5RS 4.41 ± 0.04 n.d 3.12 ± 0.07 1.58 ± 0.29 
6RS 2.60 ± 0.03 4.73 ± 0.17 154 ± 9 2.02 ± 0.17 
7RS 4.56 ± 0.36 n.d 194 ± 2 1.45 ± 0.19 
a Compounds ID: 1RS, (R/S)-menthyl acetate; 2RS: methyl (R/S)-mandelate; 
3RS: ethyl (R/S)-4-chloro-3-hydroxybutyrate; 4RS: methyl (R/S)-3-hydro-
xybutyrate; 5RS: methyl (R/S)-3-hydroxyvalerate; 6RS: ethyl (R/S)-lactate; 
7RS: methyl (R/S)-lactate; the preferred chiral ester is indicated underlined 
and in bold. 
b Eapp was calculated per each of the pairs of enantiomers as the ratio of 
specific activity (U mg−1) per each of the 14 chiral esters when pure stereo-
isomers were tested separately, as described elsewhere [53,54]. These calcu-
lations were extracted from data in Table S1. n.d.: Activity not detected under 
our assay conditions. 
linked to the surface of the support. Other carriers such as Celite® and 
Sepabeads were used but the resulting preparations showed residual 
activity and thus were not further considered in this study. 
3.2. Substrate profile and enantiospecificity of EH1 immobilized on 
magnetic microparticles 
EH1 was immobilized on two types of magnetic microparticles (see 
Experimental section), namely, agarose-coated core-shell ferromagnetic 
particles to which EH1 was attached through a NTA linker (referred to 
as EH1NTA; Fig. 4), and PVA particles with embedded magnetite and 
grafted with an IDA linker (referred to as EH1IDA; Fig. 5). 
EH1IDA preparation has the ability to hydrolyze 60 substrates, with 
−1)phenyl acetate being the preferred ester (104.0 ± 0.13 U mg 
(Fig. 6; Table S1). EH1NTA hydrolyzed the same set of 60 substrates 
hydrolyzed by EH1IDA plus ethyl benzoate, with also phenyl acetate 
being the preferred ester (90.5 ± 1.8 U mg−1). Compared to the free 
enzyme these preparations were unable to hydrolyze 11 esters, which 
included methyl octanoate, methyl decanoate, ethyl decanoate, pentyl 
benzoate, methyl 2-hydroxybutyrate, isobutyl cinnamate, phenethyl 
cinnamate, isobutyl cinnamate, methyl 2,5-dihydroxycinnamate, men-
thyl acetate, and vinyl acrylate. None of these 11 esters were either 
hydrolyzed by EH1SBA. All but vinyl acrylate (LogP: 0.38; volume: 
96.07 Å3) could be considered as large hydrophobic esters (LogP: from 
1.51 to 4.96; volume: from 136.59 to 244.4 Å3). However, other large 
molecules with LogP values as high as 3.64 such as benzyl 4-hydro-
xybenzoate, and molecular volume as high as 338.38 Å3 such as glucose 
pentaacetate, were hydrolyzed, suggesting again that factors others 
than surface chemistry and substrate access limitations may contribute 
to the substrate spectra of the final enzymatic preparations EH1NTA or 
EH1IDA. Following on from this, it should be mentioned that both 
preparations showed similar substrate spectra, with a clear distinct 
preference for alkyl esters. Indeed, whereas EH1NTA showed from 3 to 
19-fold higher preference for short alkyl esters such as methyl butyrate, 
ethyl propionate, ethyl butyrate, propyl acetate, propyl propionate, 
propyl butyrate, and butyl acetate, EH1IDA preferred (from 1.4 to 5-
fold) longer esters such as methyl hexanoate, ethyl hexanoate, ethyl 
octanoate, hexyl acetate, and octyl acetate (Table S1). 
All esters hydrolyzed by EH1SBA were also hydrolyzed by EH1IDA 
and EH1NTA, whereas the immobilization on the surface of magnetic 
microparticles produced biocatalysts capable of converting 44 esters 
which EH1SBA did not accept. These range from small hydrophilic esters 
such as methyl glycolate (LogP: -1.07; volume: 81.98 Å3) to large hy-
drophobic esters such as vinyl laurate (LogP: 6.04; volume: 252.91 Å3). 
With regards to stereochemistry, EH1IDA catalyzed the hydrolysis of 
all those chiral esters hydrolyzed by the free enzyme except (R)-
(-)-menthyl acetate and (S)-(+)-menthyl acetate, which were not ac-
cepted as substrates (Fig. 6; Table S1). Interestingly, the Eapp for 
(-)-methyl (S)-lactate over (+)-methyl (R)-lactate increased from ∼4.6 
for the free enzyme to ∼194 for EH1IDA (Table 1). Similarly, the Eapp for 
(-)-ethyl (S)-lactate over (+)-ethyl (R)-lactate increased from ∼2.6 to 
∼154, in the same order. No significant changes of the Eapp were ob-
served for the other chiral esters, including ethyl (R/S)-4-chloro-3-hy-
droxybutyrate for which the Eapp significantly increased after im-
mobilization in NH2-SBA-15. EH1NTA was capable of hydrolyzing the 
same set of chiral esters as EH1IDA (Fig. 4; Table S1), but a notable 
difference was observed. Particularly, the Eapp for methyl (S)-
(+)-mandelate over methyl (R)-(-)-mandelate increased from ∼14.2 
for the free enzyme to ∼150 for the EH1NTA preparation (Table 1), 
substrates for which EH1IDA did not show any preference (Eapp approx. 
1). No significant changes of the Eapp were observed for the other chiral 
esters. 
In summary, immobilization on the surface of agarose-coated large 
core-shell ferromagnetic microparticles (25–30 μm) through a NTA 
linker slightly altered the substrate range (61 esters) while producing a 
biocatalyst more selective for short alkyl esters and for methyl (S)-
(+)-mandelate. Moreover, immobilization on the surface of small 
polyvinyl alcohol magnetic microparticles (1–5 μm) through an IDA 
linker also slightly altered the substrate range (60 esters) while pro-
ducing a more selective biocatalyst for ethyl and methyl (S)-lactate and 
slight preference for longer alkyl esters. 
3.3. Flexibility constrains as determinants defining chiral preference of 
biocatalysts 
Based on the crystal packing (PDB 5JD4) EH1 is a dimer [51], the 
dimensions of that are approximately 70 Å × 44 Å × 42 Å (or 7 nm × 
4.4 nm × 4.2 nm). Enzymes with these dimensions have been suc-
cessfully immobilized in large-pore size SBA-15 materials [38]. The 
mesoporous silica used to immobilize EH1 possesses pore channels 
which are about 200 nm long with a highly uniform diameter close to 
9.3 nm (Figs. 2 and 3). The grafting of aminopropyl groups on the 
surface of pores makes the actual pore width available for enzyme 
immobilization even slightly smaller (ca. 2 nm). Therefore, it is ex-
pected that the cylindrical pore channels may accommodate only one 
enzyme molecule along the channel diameter. Considering the enzyme 
diameter (about 7 nm × 4.4 nm × 4.2 nm) and the length (200 nm) and 
diameter (9.3 nm for SAB-15 or ca. 7.3 nm for the amino funcionalized 
material) of the channels, it follows that each cylindrical pore channel 
could accommodate on average 26 enzyme molecules arranged in a row 
along the channel, in which each enzyme molecule may have restricted 
movement due to the similar size of enzyme structure and pores. Hence, 
there will be very little space for substrate and product molecules to 
diffuse in and out of the channels. Additional details on the enzyme 
load and enzyme immobilization kinetics in the NH2-SBA-15 support 
are given in the Supporting Information. 
To investigate which zones of the negatively charged proteins may 
most likely interact with the positively charged surface of the pores, a 
surface electrostatic analysis of the EH1 structure was performed. The 
analysis shows a negative zone around the binding cavity entrance 
(Fig. 4), and thus it is plausible that the active site is oriented to the 
surface of the amino-functionalized ordered mesoporous material. The 
hindered movement of the enzyme inside the pores and the most likely 
unfavorable orientation of the EH1 binding cavity may explain the re-
stricted substrate spectrum of the EH1SBA preparation. However, both 
reasons per se do not explain the fact that the enzyme immobilized 
inside the 7.3 nm diameter pores of NH2-SBA-15 materials retains the 
capacity to hydrolyze some very large and hydrophobic molecules such 
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as benzoic acid 4-formyl-phenylmethyl ester, while being unable to 
hydrolyze very small esters such as vinyl acetate (Fig. 6). It is plausible 
that factors others than access of molecules to the pores and to the 
active site play an additional role in determining the substrate speci-
ficity (including enantiospecificity). In this study we hypothesized that 
protein immobilization could affect not only the free movement of the 
enzyme but also impose flexibility constraints to the enzyme molecule. 
Note that catalytic triads in serine ester hydrolases are located in a 
catalytic environment where residues lining the active site are con-
tributing to binding and correct positioning of substrates [51,52]. Al-
tering the position, distances and angles of those residues may alter the 
binding capacity. This may explain the binding preference of EH1SBA for 
ethyl (R)-(-)-4-chloro-3-hydroxybutyrate over (S)-(+)-4-chloro-3-hy-
droxybutyrate. 
To prove whether the flexibility constraints may explain the im-
proved Eapp for ethyl (R)-(-)-4-chloro-3-hydroxybutyrate, EH1 was im-
mobilized in NH2-SBA-15 materials with same surface chemistry (1.6 or 
1.4 mmol aminopropyl groups per gram of support) but wider pores 
(pore diameter of 16.7 or 14.0 nm) (details on the synthesis and char-
acterization of these supports are given in the Supporting Information). 
The specific activity of both preparations towards ethyl (R/S)-(-/+)-4-
chloro-3-hydroxybutyrate was determined, and the Eapp calculated. The 
Eapp for EH1 immobilized in the material with a diameter of 16.7 nm 
was found to be 4.51 (R preference), and 4.57 (R preference) for that 
with 14.0 nm diameter. This value is slightly higher than that of the free 
enzyme (∼1.5) but significantly lower than that obtained when the 
enzyme was immobilized in the material with pores of 9.3 nm diameter 
(∼420) where EH1 has a tight fit. These results suggest that restricting 
the enzyme movement and/or promoting enzyme rigidity by non-
covalent enzyme immobilization in pores with diameters close to that of 
the enzyme crystal packing may help promoting enantiospecificity. 
In EH1NTA and EH1IDA a controlled immobilization via His-tag is 
used. Immobilization of proteins through the His-tag allows an oriented 
immobilization of all enzyme molecules, which is important to have a 
clue about the accessibility of the active site cavity with respect to the 
surface of the support. In this line, immobilization of the His-tagged 
enzyme onto nickel(II)-cyclam grafted mesoporous silica have been 
shown to allow tailored made adsorption [62] as this may avoid pro-
blems associated to an unfavourable orientation of the enzyme. An 
analysis of the EH1 structure revealed that orientation of EH1 both in 
EH1NTA and EH1IDA is favorable for the substrate access to the active 
site tunnel. Indeed, the N-terminus of the enzyme where the His-tag is 
located is oriented opposite to the active site cavity (Fig. 5). However, 
this favorable orientation, which may occur in both preparations, does 
not explain per se why the two immobilized preparations were not able 
to hydrolyze 12 (EH1NTA) and 11 (EH1IDA) esters which were hydro-
lyzed by the free enzyme. These molecules included large esters such as 
methyl octanoate, methyl decanoate, ethyl decanote, pentyl benzoate, 
methyl-2-hydroxybenzoate, isobutyl cinnamate, methyl 2,5-dihydrox-
ycinnamate, phenylethyl cinnamate, and menthyl acetate, but also 
short esters such as vinyl acrylate, which a priori should cause less 
diffusional problems compared to larger esters. Also, it does not explain 
that both preparations were able to hydrolyze methyl benzoate (LogP: 
2.2; volume: 263.3 Å3) and vinyl benzoate (LogP: 2.25; 139.74 Å3), 
whereas the slightly larger ethyl benzoate (LogP: 2.73; 145.38 Å3) was 
only accepted by EH1NTA (Fig. 6; Table S1). Finally, it does not explain 
the increased preference of EH1NTA for methyl (S)-(+)-mandelate 
(LogP: 0.9; 153.42 Å3) or the increased preference of EH1IDA for ethyl 
(S)-lactate (LogP: -0.72; 98.57 Å3) and larger alkyl esters. We hy-
pothesize that the stronger interaction of the protein through a NTA 
linker in EH1NTA compared to IDA linker in EH1IDA may slightly in-
crease the rigidity of the protein and thus alter the entrance or posi-
tioning of a specific subset of esters, thus influencing substrate pre-
ference and specificity for specific set of esters, including chiral esters. 
It is also plausible that the smaller particles may have a higher density 
of proteins, which may affect their packing on the surface. 
4. Conclusion 
In this manuscript we studied the effect of immobilization of a 
model enzyme in an unprecedented manner. Through an extensive 
analysis of the substrate spectra, we examined in depth the contribution 
of surface chemistry, particle size, substrate accessibility to the active 
site tunnel, and flexibility constraints, driven by each immobilization 
strategy, on enzyme substrate specificity and stereochemistry. We 
found that flexibility constraints, which can be modulated through 
careful materials design (particle size, pore size and architecture) and 
functionalization (strength of the linkage), are among the most im-
portant factors determining the specificity and stereochemistry of im-
mobilized enzymes. These constraints may most likely affect the en-
zyme structure and the active site configuration and in turn the access 
and positioning of substrates in the active site. This was herein proven 
by converting an ester hydrolase with broad substrate spectrum but 
non-enantiospecific, a common feature in natural esterases, into bio-
catalysts capable of converting specific molecules, including stereo-
isomers, depending on the immobilization strategy applied. Therefore, 
by controlling the immobilization strategy, the size and the functiona-
lization of materials and interfaces employed, one can use substrate 
promiscuous enzymes to design biocatalysts for multiple selective cat-
alytic routes and stereochemistry, and to produce a range of chiral 
molecules which are important building blocks for drug/fragrance 
discovery, chemical biology, and modern materials science. Finally, the 
present study suggests that a controlled manipulation of specificity of 
enzymes can be achieved to a higher extent than previously envisaged 
by size/chemistry-tunable materials, to produce more efficient cata-
lysts. Studying mesoporous materials with a large constellation of pore 
sizes and materials with different density of reactive groups may be of 
interest in the future to obtain a clue about their impact in enzyme 
rigidity/flexibility and to design carriers with characteristics capable of 
producing a desired change in substrate specificity or stereochemistry. 
Investigation of immobilization effect by computational methods will 
help deepening into the structural constrains induced by different car-
riers, the quantification of the rigidity/flexibility, and its link with 
specificity (see additional comments in Supporting Results). 
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Chapter 5: Rational engineering of multiple active sites in an ester-hydrolase.
In this Chapter, we applied the knowledge recorded in Chapters 1 and 2 for tuning, by protein engineering,
the properties and performance of the most substrate promiscuous esterase-hydrolase in our collection.
As we have accumulated a great amount of experimental data of the topology of the ester-hydrolases
binding pocket, we decided to perform an alternative engineering way to the common one consisting in
random mutagenesis; rather, we used a new approach consisting in introducing a second artificial active
site which can work together and separately with the native one.
The idea is to start with enzymes with proven substrate promiscuity and use this as a lead scaffold to
engineer better variants in terms of expanded substrate specificity and selectivity. The EH1 ester-
hydrolases was selected for the same reasons we selected it in Chapter 4, namely it is the most
promiscuous ester-hydrolase but it is not enantio-selective. In this work, we have applied computational
docking techniques to screen the surface of the enzyme with a typical ester substrate, glyceryl tributyrate,
in order to find an alternative substrate binding site and transform it into a catalytic one by performing
adequate mutations.
For this purpose, we have used the PELE (Protein Energy Landscape Exploration) software which can
simulate efficiently this mapping process giving us the energy levels of each approaching of the substrate
through the surface of the protein. Once we have it, we performed site-directed mutagenesis for
introducing a new catalytic triad.
As a result, we succeed in designing the first ester-hydrolase with two active sites, one being the native,
and one the newly introduced. As both native and artificial sites have different environments and catalytic
configurations they showed different catalytic profiles. Although the expected improvement in catalytic
performance and enantio-selectivity after incorporating the second site were not as expected, this article
is the first one in which a second catalytic triad and oxyanion hole are successfully introduced into a native
esterase already containing one. Having said that, we suggest that this first example opens a new range
of possibilities for obtaining a new generation of artificial industrially-relevant biocatalysts.
Note: I am the fifth author of this article. I have participated actively in all the experimental activities such
as expression, purification and characterization of the model enzyme, as said in Chapter 1. I also have
participated actively in the design of mutants by computational analyses with PELE software, as I was
learning the management of the PELE software in a short-stay in the Barcelona Supercomputing Center.
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ABSTRACT: Effects of altering the properties of an active site in an enzymatic 
homogeneous catalyst have been extensively reported. However, the possibility of 
increasing the number of such sites, as commonly done in heterogeneous catalytic 
materials, remains unexplored, particularly because those have to accommodate 
appropriate residues in specific configurations. This possibility was investigated by 
using a serine ester hydrolase as the target enzyme. By using the Protein Energy 
Landscape Exploration software, which maps ligand diffusion and binding, we found a 
potential binding pocket capable of holding an extra catalytic triad and oxyanion hole 
contacts. By introducing two mutations, this binding pocket became a catalytic site. Its 
substrate specificity, substrate preference, and catalytic activity were different from 
those of the native site of the wild type ester hydrolase and other hydrolases, due to the 
differences in the active site architecture. Converting the binding pocket into an extra 
catalytic active site was proven to be a successful approach to create a serine ester 
hydrolase with two functional reactive groups. Our results illustrate the accuracy and 
predictive nature of modern modeling techniques, opening novel catalytic opportunities coming from the presence of different 
catalytic environments in single enzymes. 
A number of studies have shown the utility of placing multiple functional groups randomly or uniformly on the 
surface of solid heterogeneous catalysts to enhance activity and 
selectivity.1 Functional groups are positioned in those catalysts 
at varying distances and spatial arrangements. However, these 
advances have not been as well developed for enzymatic 
catalysts. Thus, with few exceptions,2−4 all enzymes contain one 
active site. Although introducing single active sites into 
noncatalytic proteins has been successfully achieved,5−16 no 
evidence has been gathered that demonstrates that introducing 
a second or more active sites into an enzyme is feasible. If one 
could use molecular modeling to discover extra binding pockets 
and convert them into catalytic sites, then one would facilitate 
designing enzymes with multiple reactive groups. This would 
promote the competitiveness and catalytic opportunities of 
enzymes coming from different catalytic environments and be a 
considerable step forward in the field of de novo enzyme design. 
We tested this hypothesis by using a serine ester hydrolase 
from the structural superfamily of α/β-hydrolases as a model 
enzyme. The activity of serine ester hydrolases relies mainly on 
a catalytic triad usually formed by Ser, Asp/Glu, and His.17 The 
initial attack of an ester is mediated by the Ser residue that acts 
as nucleophile through which a covalent intermediate is formed 
in collaboration with two other residues (Asp and His) that 
help activate the nucleophile by forming a charge-relay 
network. At basic pH the His residues are δ-protonated, and 
the Asp residues are deprotonated, resulting in the formation of 
a His-Ser and His-Asp hydrogen-bonding network. The 
stabilization of the intermediate is increased by so-called 
oxyanion hole contacts with nitrogen atoms of adjacent Gly 
residues.17 
This enzyme class was selected for a number of reasons. 
First, it is widely distributed in the environment, it has 
important physiological functions, it includes hydrolases which 
are among the most important industrial biocatalysts, and 
extensive biochemical knowledge has been accumulated.18 
Second, a number of studies have disclosed the utility of 
computational tools to introduce active sites supporting ester 
hydrolysis in a number of noncatalytic proteins. A first attempt 
used RosettaMatch to search for catalytically inert theozyme 
scaffold proteins that could accommodate a model catalytic 
triad (Cys-His-Glu/Asp) and oxyanion holes reassembling 
cysteine-like geometries.11 Authors identified four protein 
scaffolds with minimalistic catalytic schema consisting of a 
Cys nucleophile, a nearby His and a backbone NH group, 
which were capable of hydrolyzing the model esters coumarin-
(2-phenyl)-propanoate and p-nitrophenyl-(2-phenyl)-propa-
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noate (pN2PP) (k2/KS up to 309 M−1 s−1). More recently, 
Moroz and colleagues took advantage of existing enzymatic 
folds to explore whether calmodulin (CaM) could assume 
esterase activity against pN2PP.16 Docking was used to 
determine whether pN2PP accommodates into a hydrophobic 
cavity of CaM. Residues facing the substrate were then 
identified and further mutated to His, a residue that, per se, 
has been shown to catalyze hydrolysis of pN2PP, albeit with a 
modest activity. A mutant with a single Met144His substitution 
was capable of hydrolyzing pN2PP (kcat/KM up to 4800 M−1 
min−1). In another approach, the hydrolysis of p-nitrophenyl 
acetate (pNPA) was achieved by incorporating mutations 
favoring metal binding, with the metal being the catalytic 
component. By using this approach, Zn2+ and/or Hg2+ ions 
were introduced into the Rab-4-binding domain,10 the TRI 
family of peptides,12 and short amyloid-forming peptides.14 The 
resulting metallo-proteins were capable of pNPA hydrolysis 
(kcat/KM up to 630, 23.3, and 18 M−1 s−1). The question of 
where to put the functional group has been found to be critical 
for catalytic performance. For example, it has been demon-
strated that the His orientation modulates local metal 
orientation, which in turn has functional consequences. 19,20 
It remains to be established whether the computational 
approaches described above can be implemented to introduce 
multiple active sites supporting ester hydrolysis, not only in 
noncatalytic proteins but also in ester hydrolases already 
containing a native functional group. The novelty of this study 
relies on using the Protein Energy Landscape Exploration 
(PELE) software. PELE offers one of the best modeling 
alternatives to map protein−ligand dynamics and induced 
fit.21−25 It allows for a complete protein surface exploration, 
locating binding site pockets in only a few hours of a moderate 
computing cluster (∼32 computing cores).26,27 Thus, these 
technological developments are ideally suited to locate, without 
previous knowledge, potential binding sites that could be 
converted into active sites. Finding these pockets typically 
requires significant enzyme reorganization, both at the level of 
conformational sampling and induced fit.27 Thus, similar 
analysis cannot be performed with simple docking techniques. 
Effective alternative techniques are mostly limited to molecular 
dynamic simulations,28 although at a significantly higher 
computational cost. 
The present study adds important insights and empirical and 
computational data proving, for first time to the best of our 
knowledge, that introducing extra catalytic reactive groups into 
a serine ester hydrolase is plausible. We would like to highlight 
that our approach is based on locating, by PELE software, extra 
binding pockets and converting them into catalytic active sites. 
We were interested not only in proving that introducing extra 
functional groups into a catalytic serine ester hydrolase is 
plausible, but also in examining the catalytic potential of the 
resulting variant compared to the wild type enzyme and other 
native ester hydrolases. In this line, we have unambiguously 
confirmed that the extra catalytic site is not only competitive 
with those of other native ester hydrolases, but also could 
confer catalytic changes when introduced in the wild type ester 
hydrolase already containing a native active site. 
■ EXPERIMENTAL AND COMPUTATIONAL 
METHODS 
Chemicals and Oligonucleotides. All chemicals used for 
enzymatic tests were of the purest grade available and were 
purchased from Sigma Chemical Co. (St Louis, MO, USA), 
Alfa Aesar (Karlsruhe, Germany) or Santa Cruz Biotechnology 
(Heidelberg, Germany). The oligonucleotides used for DNA 
amplification were synthesized by Sigma Genosys Ltd. 
(Pampisford, Cambs, UK). 
EH1A Protein Source and Crystal Structure. The 
isolation of the enzyme EH1A used in the present study was 
reported previously.29 The enzyme is available in the expression 
vector pET46 Ek/LIC plasmid and Escherichia coli BL21 as a 
host,29,30 which was the source of the enzyme for the present 
study. The crystal structure of EH1A protein was recently 
solved (PDB code: 5JD4), and X-ray diffraction data collection 
and refinement statistics are available.30 
Site Directed Mutagenesis. Mutagenic PCR was 
developed using the Quick Change Lightning Multi Site-
Directed Mutagenesis kit (Agilent Technologies, Cheadle, UK), 
following manufacturer instructions. Briefly, 50 ng of pET46 
Ek/LIC plasmid containing wild type EH1A DNA insert was 
mixed with a master mix containing 2.5 μL of 10× Multi 
reaction buffer, 0.5 μL of Quick solution, 1 μL of dNTP mix, 1 
μL of Multi enzyme blend, and 100 ng of each primer. Distilled 
water was added to a final volume of 25 μL. PCR conditions 
were as follows: 2 min at 95 °C, 30 cycles of 20 s at 95 °C, 30 s 
at 55 °C, 195 s at 65 °C, and one cycle of 5 min at 65 °C. The 
resulting variant plasmids were transferred into E. coli BL21 and 
selected on the Luria−Bertani (LB) agar supplemented with 50 
μg mL−1 ampicillin. To obtain the variant EH1B, the following 
primers were used: Ser161Ala Fwd (GTG GGC GGC GAT 
GCG GCG GGC GGC G), Glu25Asp Fwd (CGG CCC CGG 
CTG GAT ACC CTG CCG CAT GC), and Leu214His Fwd 
(TTC CTC AGC AAG GCG CAC ATG GAC TGG TTC 
TGG G). To obtain the variant EH1AB, only the primers 
Glu25Asp Fwd and Ile214His Fwd were used. 
To obtain variants containing Ser211Ala, Ser161Ala, 
Asp25Gln, Asp256Gln, His214Phe, and His286Phe mutations, 
individually or in combination, the pET46 Ek/LIC plasmid 
containing EH1A, EH1B, or EH1AB DNA inserts and the 
primers Ser211Ala Fwd (GCC GAA GGC TAC TTC CTC 
GCC AAG GCG CAC ATG GAC TGG), Ser161Ala Fwd 
(GTG GGC GGC GAT GCG GCG GGC GGC G), Asp25Gln 
Fwd (CGG CCC CGG CTG CAG ACC CTG CCG CAT 
GC), Asp256Gln Fwd (ACC GCC GGC TAC CAA CCG 
CTG CGC GAC G), His214Phe Fwd (TTC CTC AGC AAG 
GCG TTC ATG GAC TGG TTC TGG G), and His286Phe 
Fwd (T CCC GGC ACC ATC TTC GGC TTC TTC TCG) 
were used. Mutagenic PCR conditions were as above. 
Gene Expression and Protein Purification. Protein 
expression and purification of wild type and mutants were 
performed as previously described with slight modifica-
tions.29,30 Briefly, selected E. coli clones that expressed each 
protein, His-tagged at the N-terminus, were grown at 37 °C on  
solid LB agar medium supplemented with 50 μg mL−1 
ampicillin, and one colony was picked and used to inoculate 
10 mL of LB broth plus antibiotic in a 0.25-l flask. The cultures 
were then incubated at 37 °C and 200 rpm overnight. 
Afterward, 10 mL of this culture was used to inoculate 0.5 L 
of LB medium, which was then incubated to an OD600 nm to 
approximately 0.7 (ranging from 0.55 to 0.75) at 37 °C. Protein 
expression was induced by adding isopropyl β D-1-thiogalacto-
pyranoside to a final concentration of approximately 1 mM, 
followed by incubation for 16 h at 16 °C. The cells were 
harvested by centrifugation at 5000g for 15 min to yield a pellet 
of 2−3 g L−1 pellet (wet weight). The wet cell pellet was frozen 
at −86 °C overnight, thawed, and resuspended in 15 mL of 40 
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mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES), pH 7.0. Lysonase Bioprocessing reagent (Novagen, 
Darmstadt, Germany) was added (4 μL g−1 wet cells) and 
incubated for 60 min on ice with rotating mixing. The cell 
suspension was sonicated using a pin Sonicator 3000 (Misonix, 
New Highway Farmingdale, NY, USA) for a total time of 5 min 
(10 W) on ice and centrifuged at 15000g for 15 min at 4 °C, 
and the supernatant was retained. 
The His-tagged proteins, native and engineered variants, 
were purified at 4 °C after binding to a Ni-NTA His-Bind resin 
(Sigma Chemical Co. (St. Louis, MO, USA)), followed by 
ultrafiltration through low-adsorption hydrophilic 10000 
nominal molecular weight limit cutoff membranes (regenerated 
cellulose, Amicon) to concentrate the protein solution. An 
extensive dialysis of protein solutions against 40 mM HEPES 
buffer (pH 7.0) was then performed using Pur-A-LyzerTM 
Maxi 1200 dialysis kit ((Sigma Chemical Co. (St. Louis, MO, 
USA)), as follows. Five milliliters concentrated protein solution 
was dialyzed against 2 L buffer during 1 h at room temperature, 
after which the buffer was changed by other 2 L buffer and 
maintained 1 h more. Then, the buffer was changed, and the 
dialysis was kept overnight at 4 °C. The dialyzed protein 
solution was recovered and concentrated as before. The 
concentrated protein solution (10 mg mL−1) was  then  
subjected to size-exclusion chromatography by a fast protein 
liquid chromatography (FPLC) equipment (LCC-500CI, 
Amersham Bioscience, Barcelona, Spain). The protein sample 
was loaded onto the FPLC coupled with a Superdex 75 size 
exclusion column pre-equilibrated with buffer HEPES buffer 
(pH 7.0). The proteins were eluted with the same buffer at a 
flow rate of 1 mL min−1 . Fractions with hydrolytic activity were 
pooled, concentrated, and dialyzed against HEPES buffer (pH 
7.0), as before. Throughout the purification protocol, the 
fractions were analyzed by SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE) on 12% gels, in a Mini PROTEAN 
electrophoresis system (Bio-Rad),31 in which the proteins were 
stained with Coomassie brilliant blue (Protoblue Safe, National 
Diagnostics, GA, USA), and for hydrolytic activity using p
nitrophenyl propionate (pNPP) as described below. The 
protein concentration was determined according to Bradford 
with bovine serum albumin as the standard.32 
Purity was assessed as >99% by SDS-PAGE, matrix-assisted 
laser desorption/ionization-time-of-flight/time-of-flight 
(MALDI-TOF/TOF) and other complementary techniques 
(see Supporting Results). 
Ester Bond Hydrolysis Activity Assessment: Substrate 
Profiling Tests with 96 Esters. Hydrolytic activity was 
assayed at 550 nm using structurally diverse esters in 384-well 
plates as previously described.30,33 All chemicals used were of 
the purest grade available. Briefly, before an assay, a 
concentrated ester stock solution was prepared in a 96-well 
plate by dissolving each of the 96 esters at a concentration of 25 
mg mL−1 in acetonitrile or dimethyl sulfoxide (DMSO), 
depending on its solubility. Stock solutions were prepared 
immediately prior to use and maintained in a 96-deep-well plate 
at 4 °C. 
The assays were conducted according to the following steps. 
First, a 384-well plate (Molecular Devices, LLC, CA, USA) was 
filled with 20 μL of 5 mM  N-(2-hydroxyethyl)piperazine-N′-(3-
propanesulfonic acid (EPPS) buffer, pH 8.0, using a QFill3 
microplate filler (Molecular Devices, LLC, CA, USA). Second, 
2 μL of each ester stock solution was added to each well using a 
PRIMADIAG liquid-handling robot (EYOWN TECHNOLO-
GIES SL, Madrid, Spain). Each of the 96 esters was dispensed 
in four replicates in each 384-plate. After the esters were added, 
the 384-well plate was filled with 20 μL of 5 mM EPPS buffer, 
pH 8.0, containing 0.912 mM Phenol Red (used as a pH 
indicator) using a QFill3 microplate filler. The final ester 
concentration in each well was 1.14 mg mL−1 , and the final 
concentration of Phenol Red was 0.45 mM. A total of 2 μL of  
protein solution (from a 1 (for EH1A/EH1AB) or 8 (for EH1B) 
mg mL−1 stock solution in 40 mM HEPES buffer pH 7.0) was 
immediately added to each well using an Eppendorf Repeater 
M4 pipet (Eppendorf, Hamburg, Germany) or a PRIMADIAG 
liquid-handling robot. Accordingly, the total reaction volume 
was 44 μL, with 4.5% (v/v) acetonitrile or DMSO in the 
reaction mixture. After incubation at 30 °C and 150 rpm in a 
Synergy HT Multi-Mode Microplate reader, ester hydrolysis 
was measured spectrophotometrically in continuous mode at 
550 nm for a total time of 24 h. One unit (U) of enzyme 
activity was defined as the number of enzyme required to 
transform 1 μmol of substrate in 1 min under the assay 
conditions using the reported extinction coefficient (εPhenol red at 
550 nm 8450 M−1 cm−1).29 All values were corrected for 
nonenzymatic transformation. 
Kinetic Measurements. For determination of kinetic 
parameters, these were calculated by simple Michaelis−Menten 
kinetics. 
Kinetics experiments for pNPP were initiated by the addition 
of a stock solution (100 mM in acetonitrile) of pNPP to 195 μL 
of HEPES buffer (pH 7.0) containing EH1A, EH1B, or EH1AB 
in 96-well microtiter plates. Kinetics experiments for phenyl 
propionate were initiated by the addition of a stock solution 
(100 mM in acetonitrile) of phenyl propionate to 40 μL of 5  
mM EPPS buffer pH 8.0 with 0.45 mM Phenol Red (used as a 
pH indicator) containing EH1A, EH1B, or EH1AB in 96-well 
microtiter plates. For Km determinations, the amount of protein 
was 0.1, 16, and 1.4 μg for EH1A, EH1B, and EH1AB, 
respectively, or 100 μg for other mutants. For kcat  
determinations, the amount of pNPP and phenyl propionate 
was 1 and 6 mM, respectively. 
In all cases, reactions were followed at 410 nm (for pNPP 
hydrolysis) or 550 nm (for phenyl propionate hydrolysis) by 
UV−vis spectrophotometry in a Synergy HT Multi-Mode 
Microplate Reader. Initial rates were determined from linear fits 
of the absorbance versus time (<10% conversion) corrected for 
the rate of uncatalyzed hydrolysis. In all cases, one unit (U) of 
enzyme activity was defined as the number of enzyme required 
to transform 1 μmol substrate in 1 min under the assay 
conditions using the reported extinction coefficient (εpNPP at 
410 nm 15200 M−1 cm−1; εPhenol red at 550 nm 8450 M−1 
cm−1). In all cases, reactions (performed in triplicate) were 
maintained at 30 °C. 
pH Optima Determination. Britton and Robinson buffer 
(50 mM; pH 4.0−9.5) and pNPP (1 mM) were used for 
determining optimal pH of the enzyme variants. A total of 2 μL 
of a stock solution (100 mM in acetonitrile) of pNPP was 
added to 195 μL of HEPES buffer (pH 7.0) containing EH1A 
(0.1 μg), EH1B (16 μg), or EH1AB (1.4 μg) in 96-well 
microtiter plates. The pNPP hydrolysis was monitored as above 
but at 346 nm (εpNPP at 346 nm 4800 M−1 cm−1 regardless of 
solution pH), in triplicates. 
Protein Energy Landscape Exploration (PELE) Simu-
lations. The initial structure was taken from the coordinates of 
the EH1A crystal structure (PDB code: 5JD4).30 The 
protonation state of titratable residues was estimated with the 
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Protein Preparation Wizard (PROPKA)34 and the H++ server 
(http://biophysics.cs.vt.edu/H++) followed by visible inspec-
tion. At pH 8 (the pH at which the activity assays were 
performed), the catalytic triad histidine residues were δ
protonated, and the catalytic triad aspartic acid residues were 
deprotonated, resulting in the formation of a histidine-serine 
and histidine-aspartic hydrogen-bonding network. The glyceryl 
tripropionate structure was fully optimized with Jaguar27 in an 
implicit solvent, and the electrostatic potential charges were 
computed with the density functional M06 at the 6-31G* level 
of theory; ligand parameters were extracted from these for the 
classic simulations. 
We used PELE software to sample the binding mode of 
glyceryl tripropionate with EH1A. 21 PELE is a Monte Carlo 
algorithm composed of a sequence of perturbation, relaxation, 
and Metropolis acceptance tests. In the first step, the ligand is 
subjected to random rotations and translations, while the 
protein is perturbed based on the anisotropic network model 
(ANM).27 The maximum allowed translation for the ligand 
perturbation was 1.5 Å, and the maximum rotation was 20°. 
During the protein perturbation, all atoms were displaced by a 
maximum of 0.5 Å by moving the α-carbons following a 
random linear combination of the six lowest eigenvectors 
obtained in the ANM model. The relaxation step included the 
repositioning of all amino acid side chains within 6 Å of the 
ligand and the five side chains with the highest energy increase 
along the previous ANM step. The relaxation stage ended with 
a truncated Newton minimization using the OPLS all-atom 
force field and an implicit surface-generalized Born continuum 
solvent.26 The new proposed minima were then accepted or 
rejected based on a Metropolis test. The substrate binding plots 
contained all accepted conformations for three 12-h simulations 
using 200 processors. 
Molecular Dynamics. 250 ns of molecular dynamics (MD) 
simulation with DESMOND35 were performed to ensure the 
enzymatic stability. After appropriate preparation of the system, 
as explained before, an orthorhombic water box with a 
minimum distance of 10 Å was introduced. The systems were 
then neutralized and 150 mM NaCl added. Equilibration using 
the default protocol was performed followed by 20 ns NPT 
simulation at 300 K and 1 atm with the OPLS-2005 force field. 
The temperature was regulated with the Nose−Hoover chain 
thermostat, while the pressure was controlled by the Martyna− 
artynae was cbarostat with isotropic coupling and a relaxation 
time of 2.0 ps. 
Peptide Mass Fingerprinting by Matrix-Assisted Laser 
Desorption/Ionization-Time-of-Flight/Time-Of-Flight 
(MALDI-TOF/TOF). Before MALDI-TOF/TOF analysis in-
solution, protein digestion was performed.36 Briefly, 20 μg of  
protein samples (5 mg mL−1 in 40 mM HEPES buffer pH 7.0) 
were diluted and denatured in 20 μL of 7 M urea/2 M 
thiourea/100 mM triethylammonium bicarbonate (TEAB), pH 
7.5, reduced with 2 μL of 50 mM tris(2-carboxyethyl) 
phosphine (TCEP, AB SCIEX), pH 8.0, at 37 °C for 60 min, 
followed by addition of 2 μL of 200 mM cysteine-blocking 
reagent (methylmethanethiosulfonate (MMTS); Pierce, Apple-
ton, WI, USA) for 10 min at room temperature. Samples were 
diluted up to 120 μL to reduce guanidine concentration with 50 
mM TEAB. Digestions were performed using sequence grade-
modified trypsin (Promega, Alcobendas, Spain) to each sample 
in a ratio 1/20 (w/w), which were then incubated at 37 °C 
overnight on a shaker. Sample digestions were evaporated to 
dryness and were cleaned-up/desalted using Stage-Tips with 
Empore 3 M C18 disks (Sigma Chemical Co.; St. Louis, MO, 
USA). The tryptic eluted peptides were dried by speed-vacuum 
centrifugation and resuspended in 4 μL of MALDI solution 
(30% acetonitrile/15% isopropanol/0.5% trifluoroacetic acid). 
A 0.8 μL aliquot of each peptide mixture was deposited onto a 
384-well OptiTOF Plate (SCIEX, Foster City, CA) and allowed 
to dry at room temperature. A 0.8 μL aliquot of matrix solution 
(3 mg mL−1 α-cyano-4-hydroxycinnamic acid in MALDI 
solution) was then deposited onto dried digest and allowed 
to dry at room temperature. 
For MALDI-TOF/TOF analysis, samples were automatically 
acquired in an ABi 4800 MALDI TOF/TOF mass 
spectrometer (SCIEX, Foster City, CA) in positive ion reflector 
mode (the ion acceleration voltage was 25 kV to MS 
acquisition and 2 kV to MSMS), and the obtained spectra 
were stored into the ABi 4000 Series Explorer Spot Set 
Manager. PMF and MSMS fragment ion spectra were 
smoothed and corrected to zero baseline using routines 
embedded in ABi 4000 Series Explorer Software v3.6. Each 
PMF spectrum was internally calibrated with the mass signals of 
trypsin autolysis ions to reach a typical mass measurement 
accuracy of <25 ppm. Known trypsin and keratin mass signals, 
as well as potential sodium and potassium adducts (+21 Da and 
+39 Da) were removed from the peak list. To submit the 
combined PMF and MS/MS data to MASCOT software v.2.6.0 
(Matrix Science, London, UK), GPS Explorer v4.9 was used, 
searching in a custom protein database with the sequences 
encoding EH1A, EH1B and EH1AB. The following search 
parameters were used: enzyme, trypsin; allowed missed 
cleavages, 1; methylthiolation cysteine as fixed modification 
by the treatment with MMTS; variable modifications, oxidation 
of methionine; mass tolerance for precursors was set to ±50 
ppm and for MS/MS fragment ions to ±0.3 Da. The 
confidence interval for protein identification was set to ≥95% 
(p < 0.05) and only peptides with an individual ion score above 
the identity threshold were considered correctly identified. 
Estimation of Molecular Mass by MALDI-TOF/TOF. 
Protein samples were diluted at 1:1 ratio (v/v) with matrix 
solution (50% saturated sinapinic acid in 70% aqueous 
acetonitrile and 0.1% trifluoroacetic acid). A 1.0 μL aliquot of 
this mixture was manually deposited onto a 386-well OptiTOF 
Plate (ABSciex, Framingham, MA, USA) and allowed to dry at 
room temperature. For MALDI-TOF/TOF analysis, samples 
were automatically acquired in an ABi 4800 MALDI TOF/ 
TOF mass spectrometer (SCIEX, Foster City, CA) in positive 
ion linear mode (the ion acceleration voltage was 25 kV for MS 
acquisition). The detection mass range was set between 1500 
and 80000 m/z. 
■ RESULTS AND DISCUSSION 
Model Ester Hydrolase for This Study. We chose a 
serine ester hydrolase, herein referred to as EH1A, with a typical 
α/β hydrolase fold as a model. In a recent study, it was 
identified as the most promiscuous ester hydrolase among a 
total of 147 when tested with a set of 96 chemically and 
structurally different esters (Supporting Table S1).30 EH1A was 
isolated from the metagenomic DNA of microbial communities 
inhabiting a karstic lake,29 and its structure was recently solved 
(PDB code 5JD4).30 The active site is formed by a catalytic 
triad formed by Ser161, Asp256, and His286 (Figure 1) and an 
oxyanion hole formed by Gly88, Gly89, and Gly90.30 This 
active site supports the hydrolysis of a broad range of 72 esters 
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(Figure 2, inset), with vinyl butyrate and phenyl propionate 
serving as best substrates (Figure 2). 
PELE Simulations for Locating an Extra Binding 
Pocket. Using the PELE software, which allows mapping 
ligand diffusion and binding,21−25 we performed an exploration 
of EH1A with glyceryl tripropionate, a ligand with high activity 
in multiple ester hydrolases, including EH1A (∼62000 ± 7400 
U g−1; Figure 2), and appropriately sized for binding into 
defined cavities. The rationale was to identify (alternative) 
potential binding sites to accommodate a new active site 
(Figure 3). PELE simulations revealed a potential second 
binding site located ∼13 Å from the native catalytic position at 
Ser161 (Figure 4a). This second site (Figure 4b) already 
contains a serine residue (Ser211). Thus, we computationally 
designed additional mutations, adding Asp and His residues to 
build a proper catalytic triad, taking special care of distances 
between the residues and substrate accommodation. PELE 
results for the Glu25Asp and Leu214His double mutant 
revealed good enzyme−substrate interaction energies (Support-
ing Figure S1) and a suitable catalytic position for the glyceryl 
tripropionate substrate. Figure 4 summarizes the catalytic triad 
environment of the newly introduced active site compared to 
the wild type. In addition, our results show that residues 
Gly207, Tyr208 and Phe209 act as a potential oxyanion hole, a 
key element in ester hydrolase catalysis (Figure 4b). Moreover, 
extensive MD simulations indicate proper stabilization of the 
double mutant (Supporting Figure S2). 
Converting the Binding Pocket into a Functional 
Catalytic Site by Site-Directed Mutagenesis. By using site-
directed mutagenesis and with the above considerations, an 
enzyme variant with the new presumptive active site and an 
inactive original site was designed to determine whether the 
extra active site was, per se, functional. We introduced 
Glu25Asp, Leu214His, and Ser161Ala substitutions, so that 
this variant, named EH1B, would presumably employ a new 
catalytic triad (Ser211, Asp25, and His214) with Ser211 as the 
nucleophile and a new oxyanion hole (Gly207, Tyr208, and 
Phe209). The corresponding gene was cloned, and the His6 
tagged protein was expressed and purified by Ni-NTA affinity 
and size-exclusion chromatography (Supporting Figure S3 and 
Table S2). A number of control experiments were performed to 
ensure the purity and identity of the EH1B protein (Supporting 
Figures S3−S8). These analyses were also performed with 
purified EH1A and other variants (see below). With the 
sensitivity allowing MALDI-TOF/TOF and other complemen-
tary techniques (see Supporting Results), we can conclude that 
there is no contamination and that the purity of the EH1B (as 
well as EH1A and further variant EH1AB) was higher than 99%. 
The introduced mutations were confirmed in all cases by 
sequencing of the corresponding gene and by peptide mass 
fingerprinting by MALDI-TOF/TOF of purified proteins (for 
details see Supporting Results, and Figures S5 and S6). 
Once the purity and nature of EH1B was confirmed, its 
hydrolytic activity was evaluated against the set of 96 esters as 
for the wild-type ester hydrolase (see Experimental Section). 
We found that EH1B with the new active site showed not only 
measurable activity but also catalyzed reactions with 24 
different substrates (Figure 2), including cyclohexyl butyrate 
and the large aromatic ester benzoic acid, 4-formyl-, phenyl-
methyl ester, which are rarely hydrolyzed by many native ester 
hydrolases (Figure 5; esters ID nos. 59 and 67).30 Note that in 
EH1B the original active site (Ser161) was silenced by mutating 
it by Ala, the mutation per se found to completely abolish the 
activity of the original active site (Supporting Figure S9D). 
Thus, the capacity of EH1B to convert these 24 esters could be 
unambiguously assigned to the new active site. 
To evaluate the catalytic potential of the newly introduced 
active site, we compared the number of esters being hydrolyzed 
with that of the wild-type protein (EH1A), 144 naturally 
occurring ester hydrolases and two commercial preparations 
tested against the same set of 96 esters.30 
As shown in Figure 6, we observed that EH1B had a 
restricted substrate spectrum (24 esters) compared to EH1A 
(72 esters), the most promiscuous ester hydrolase among those 
examined, but it was broader than that of the other hundred 
native ester hydrolases. The ester hydrolase with the new active 
site designed herein would fall into the category of ester 
hydrolases with moderate substrate promiscuity, thus suggest-
ing the hydrolytic potential of the newly introduced active site 
in terms of the substrate spectrum. 
We further evaluated whether EH1B showed different 
substrate preferences compared to EH1A. We considered only 
those 24 substrates converted by both variants (Figure 2) and 
calculated the relative activity for each. As shown in Figure 2, 
distinct profiles were observed that highlight the difference in 
binding capacity for each of the catalytic environments. As an 
example, the new active site (EH1B) showed a higher relative 
preference for the hydrolysis of methyl-, propyl-, and ethyl-
hexanoate compared to the native site (EH1A). The difference 
in substrate binding and preference between the new (EH1B) 
and wild type (EH1A) active sites was also noticeably when 
comparing their capacity to hydrolyze phenyl propionate and 
pNPP (Supporting Figure S9 and Table S3). Thus, in terms of 
kcat EH1B preferred phenyl propionate over pNPP (5.7-fold), 
whereas EH1A slightly preferred pNPP (1.4-fold). A local 
refinement simulation with PELE revealed that the changes in 
preference for ethyl-hexanoate correlate with substrate place-
ment. In particular, the difference in number of catalytic events 
in both sites, which define the poses where the substrate is 
readily placed for catalysis, is significantly reduced for ethyl-
hexanoate, when compared to one of the substrates with 
Figure 1. Relative position of the two active sites, with their catalytic 
triads. Original EH1A catalytic triad and oxyanion hole are shown in 
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Figure 2. Substrate spectra of EH1 variants. The 72 out 96 esters for which activity was detected are listed on the right side panel, with indication of 
substrates being converted by each of the three variants. The ID code representing each EH variant is color coded. On the left main panel the relative 
activity (%) for each ester referred to the best substrate is indicated, with specific activity (U g−1) and standard deviation (triplicates) indicated in the 
bars. Abbreviations as follows: E(R/S)CHB: ethyl (R/S)-(+)-4-chloro-3-hydroxybutyrate; BFPME: benzoic acid, 4-formyl-, phenylmethyl ester; 
BHPP: benzyl (R)-(+)-2-hydroxy-3-phenylpropionate. The activity protocol established and used to identify the esters hydrolyzed by each variant 
was based on a 550 nm follow-up pH indicator assay at pH 8.0 and 30 C (see Experimental Section). 
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maximum activity, phenyl propionate (Figure 7). Thus, 
differences in substrate profile may be due to distinct active 
site architectures (Figures 1 and 4). Additionally, there are 
different active site effective volumes (the active site cavity 
volume corrected by the relative solvent accessible surface area 
(SASA) of the catalytic triad) for the EH1B active site (82.2 Å3) 
and the EH1A active site (167.7 Å3). This volume has been 
recently correlated with changes in substrate promiscuity in 
ester hydrolases.30 
Finally, we compared the hydrolytic rate of EH1B with that of 
EH1A and 225 previously reported ester hydrolases. We chose 
glyceryl tributyrate as a representative ester substrate because 
its specific activity values are commonly reported. As shown in 
Figure 2, the activity (7.3 ± 0.1 U g−1) might seem moderate 
compared to that of EH1A (5722 ± 159 U g−1). This was also 
proven by calculating the kcat/KM for phenyl propionate and 
pNPP, which was also found as a substrate (see Supporting 
Figure S9 and Table S3). On the basis of the modeled structure 
(Figure 4), the designed side chains were nearby but not quite 
in the typical orientation for the catalytic triad, which may 
explain why catalysis was less effective for EH1B compared to 
EH1A. It is well-known that catalytic triads in serine ester 
hydrolases require a precise relative orientation of the Ser-Asp-
His side chains.11 Whatever the difference with EH1A, we  
observed that the specific activity of EH1B is comparable to or 
higher than that of 93 previously reported native ester 
hydrolases that showed either low (≤6.8 U g−1) or no (near 
zero) capacity to hydrolyze this substrate (about 70 esterases) 
(Figure 6 inset). The other reported 132 esterases were found 
far more active for the target substrate. Together, we can 
conclude that, at least for the hydrolysis of glyceryl tributyrate, 
the designed active site albeit being characterized by low 
catalytic activity, is as active as those of many natural 
hydrolases, but still not competitive with those of most 
esterases. 
We found that single Ser211Ala, as well as Asp25Gln or 
His214Phe, substitutions in EH1B completely arrested the 
activity for all 96 chemically and structurally different esters 
examined in this study (Supporting Table S2), that included 
the 24 different esters hydrolyzed by EH1B (see Figure 2), and 
pNPP (see Supporting Results and Figures S9 and S10). This 
unambiguously confirms that they are the functional groups 
supporting catalysis in the new active site, which is constituted 
by a catalytic triad, and not a diad or a histidine. Altogether, 
these data demonstrated that it is plausible to use molecular 
modeling to find a potential extra binding pocket in a serine 
ester hydrolase that can be turned into a catalytic site. This site 
compares in terms of substrate spectra and catalytic activity 
with those from many other reported native ester hydrolases. It 
is difficult to make a statement whether the substrate spectrum 
of the newly introduced active site is comparable to, or is higher 
than that in the variants designed de novo by computational 
Figure 3. Molecular modeling protocol used for adding a second catalytic active site: (i) Complete surface exploration with the probe ligand 
(glyceryl tripropionate); (ii) alternative binding site location; (iii) substrate placement simulations (local refinement on the new site) with mutations. 
Figure 4. Catalytic position adopted by ethyl hexanoate (EHO) in the wild type active site (A) and in the Glu25Asp and Leu214His double mutant 
(B). Along with the substrate, the catalytic triad and the oxyanion hole residue are shown; main catalytic distances are underlined in angstroms. 
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tools previously described.10−12,14,16 This is because these 
variants were only tested with a restricted set of p-nitrophenyl 
esters, substrates that are more easily hydrolyzed compared to 
the esters tested herein (Figure 2). It is clear though that, at 
least, EH1B is capable of pNPP hydrolysis with a kcat/KM of 16.4 
M−1 s−1 (Supporting Figure S9 and Table S3), a value within 
the range or lower than that reported for other constructs using 
related substrates (kcat/KM from 18 to 309 M−1 s−1). 
Design and Characterization of a Serine Ester 
Hydrolase with Two Reactive Groups. An enzyme variant 
with the two active sites (the native and the newly identified) 
was created to prove that an enzyme with two hydrolytic active 
sites is functional. This mutant, named EH1AB, was created by 
incorporating the Glu25Asp and Leu214His substitutions into 
the wild-type sequence. This two-active-site variant would likely 
employ Ser211 and Ser161 as nucleophiles (Figure 1). The 
corresponding gene was cloned, and the protein was expressed, 
purified (Supporting Figure S3 and Table S2), and charac-
terized as described above. 
The analysis of the variant EH1AB confirmed its ability to 
hydrolyze all 72 esters converted by EH1A (Figure 2). Thus, 
EH1AB, as the native EH1A, could be classified as an ester 
hydrolase with prominent substrate promiscuity (Figures 5 and 
6). Because EH1A, due to its promiscuous behavior, converted 
all esters hydrolyzed by EH1B, we could not examine the effects 
of cooperativity for expanding the substrate spectra because of 
the presence of two different active sites in EH1AB. We further 
observed that EH1AB does show overall a substrate preference 
similar to that of EH1A (Figure 2), although in some cases, the 
potential of the newly introduced active site to increasing the 
preference for a number of esters, such as methyl-, propyl-, and 
ethyl-hexanoate, was noticed. Also, EH1AB preferred phenyl 
propionate over pNPP (1.3-fold), whereas EH1A slightly 
preferred pNPP (1.4-fold) (Supporting Table S3). This may 
be a consequence of a higher preference of the second active 
site for phenyl propionate over pNPP. 
The specific activity of EH1AB for all accepted esters was 
lower than that observed for EH1A but higher than that for 
EH1B (Figure 2). As example, using glyceryl tributyrate, its 
activity (597 ± 7 U g−1) was 10-fold lower than that of EH1A 
and 81-fold higher than that of EH1B. These differences were 
also observed when calculating the kcat/KM for phenyl 
propionate and pNPP (see Supporting Figure S9 and Table 
S3). The change in activity with respect EH1A could be 
explained by the decrease in substrate population for the main 
active site observed when introducing the mutations (Support-
Figure 5. Clustering of the substrate range of EH1 variants within them and in comparison with those of other serine ester hydrolases. A total of 107 
ester hydrolases, including the commercial preparations CalA and CalB from Pseudozyma aphidis, formerly Candida antarctica, are included. The data 
corresponding to each EH variant is color coded. This figure is created from data previously reported30 and data herein obtained for EH1 variants 
(see Experimental Section). The list of the esters tested is shown on the left side (full name of the esters from no. 1 to 89 is given in Supporting 
Table S4). The ID code representing each ester-hydrolase is given at the bottom. Each hydrolase is named based on the code EH , which means 
ester hydrolase, followed by an arbitrary number. The number in brackets indicates the number of esters hydrolyzed by each enzyme. The figure was 
created with the R language console, as described previously,30 using a binomial table with information about the activity/inactivity (1/0) of the 
analyzed enzymes against the 96 substrates as a starting point. 
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ing Figures S1a and b). Visual inspection of the models and 
energies (Supporting Figure S1b) shows a larger connection 
between the two sites, induced by changes in the hydrophobic 
packing (Leu24, Phe218, Leu24, and Trp217) after introducing 
His214. The α helix harboring the Leu214His mutation forms 
one face of the native active site, which slightly perturbs the 
main site. Whatever the catalytic activity level of the EH1AB 
variant compared to the native enzyme, its activity is 
significantly higher than that observed for 163 naturally 
occurring ester hydrolases (Figure 6, inset). 
The consequences of the presence of two active sites were 
visible in KM Michaelis−Menten (Supporting Figure S9 and 
Table S3) and pH optima (Supporting Figure S11) curves. 
Thus, the KM progress curve for EH1AB displays a sigmoidal 
plot of the initial reaction rate versus substrate concentration 
(for both pNPP and phenyl propionate), rather than the 
hyperbolic plots observed for EH1A and EH1B. This situation is 
typically found in allosteric enzymes, where the binding of 
substrates occurs in several active sites in the same enzyme 
molecule,37 a situation that may most likely occurs in EH1AB. 
We also observed that EH1AB displays an optimum pH profile 
distinct (narrower) to those of EH1A (which showed the 
broader range) and EH1B (see Supporting Results), which also 
differ between them (Supporting Figure S11). Subsequent 
investigation of the reasons that explain these differences will be 
needed. 
We found that a combination of Ser211Ala/Ser161Ala, as 
well as Asp25Gln/Asp256Gln or His214Phe/His286Phe, 
substitutions in EH1AB completely arrested the activity of all 
96 esters tested in this study, including the 72 esters converted 
by EH1AB, as well as pNPP (see Supporting Results and Figures 
S9 and S10), unambiguously confirming their role in catalysis. 
Altogether, these data unambiguously demonstrated that two 
different active sites can functionally and efficiently coexist in a 
single serine ester hydrolase. However, we did not identify a 
single specific advantage of this engineered ester hydrolase with 
two active sites, albeit we found that properties such as 
substrate binding and the optimum pH were altered. We 
hypothesized why the engineered enzyme had a lower 
performance. One of the mutations needed to introduce the 
new active site most likely slightly perturbs the native catalytic 
triad arrangement, which has negative consequences for the 
activity phenotype of the engineered mutant. Locating an extra 
binding pocket in positions not disturbing the original pocket 
and converting it into a catalytic site could solve this issue. In 
terms of substrate spectra, we should again highlight that EH1A 
already contains an active site capable of hydrolyzing a 
prominent number of esters, which is significantly higher 
than for the other 146 natural ester hydrolases, including the 
best commercial prototypes such as CalB (Figure 6).30 
Therefore, the probability of designing an active site capable 
of converting an additional set of esters compared to EH1A may 
be low. To unambiguously prove the advantage of introducing 
two active sites for expanding the substrate range, one should 
start with an ester hydrolase with a smaller substrate range and 
insert an extract active with different specificity or selectivity, 
which is actually being undertaken. 
■ CONCLUSION 
Is it possible to create enzymes with more than one active site? 
This idea, which has never been successfully attempted, was the 
starting point of the present study. Our work describes, for first 
time to the best of our knowledge, a neat proof-of-concept 
demonstration of the use of computational approaches to 
discover in an ester hydrolase already containing a native 
catalytic site, a novel binding site where a second catalytic site 
can be successfully introduced to generate a protein with two 
functional active sites for ester hydrolysis. Both active sites were 
structurally and catalytically different. We not only proved that 
introducing extra functional groups into a catalytic serine ester 
hydrolase is plausible, but also examined the catalytic potential 
of the resulting variant as compared to the target ester 
hydrolase and other reported native ester hydrolases. We 
confirmed the catalytic potential of the newly introduced active 
site as an individual catalytic entity or when combined with the 
native active site in the same polypeptide. We would like to 
highlight that a number of control experiments and analytics 
were performed to support our assertions and to ensure the 
Figure 6. Comparison of the substrate range and catalytic performance 
of EH1 variants and other reported ester hydrolases. This figure is 
created from data previously reported30 and data herein reported for 
EH1 variants (see Figures 2 and 5). The main figure represents the 
number of substrates hydrolyzed by each EH1 variant compared to 
that of other 146 serine ester hydrolases that included the commercial 
preparations CalA and CalB.30 The inset represents the specific activity 
against glyceryl tributyrate of the EH1 variants and other 225 reported 
ester hydrolases (that included the 146 previously mentioned30 and 79 
reported elsewhere). 
Figure 7. Number of catalytic events found in EH1A and EH1B 
catalytic sites along PELE simulations for ethyl hexanoate (EHO) and 
phenyl propionate (PPT). A catalytic event was defined when the 
main catalytic distances: ligand-Ser, Ser-His, and His-Asp, are lower 
than 3.5 Å. All simulations include the same sampling effort. 
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reported catalytic activity for the de novo designed active site 
was not due to a contaminant (for details see Supporting 
Results Section). 
Can every ester hydrolase be evolved for multiple reactive 
groups? Possibly not, as introducing multiple catalytic environ-
ments would depend on the possibility of finding an extra 
binding site in an enzyme of a size large enough to bind into 
defined cavities. Also, if found, it may not be turned into a 
catalytic active site after introducing the appropriate mutations 
because catalysis requires amino acids at appropriate distances 
and angles.11 Extending the analysis to other ester hydrolases 
and enzyme scaffolds will help to clarify whether the possibility 
to introduce extra catalytic sites is fortuitous or could be 
reproducible and to what extent can it happen. 
The scientific and economic benefits of introducing multiple 
active sites into an enzyme are enormous and may revolutionize 
the fields of protein design and enzymology. Thus, converting 
binding pockets into extra catalytic active sites with different 
active site cavity volumes, accessible surface areas and distances, 
and angles between amino acids participating in the reactions 
compared to the native binding pockets will open novel 
catalytic opportunities for a given enzyme. These opportunities 
will come from the presence of different catalytic environments 
in the same polypeptide. Creating enzymes with multiple 
reactive groups may improve the substrate conversion range of 
enzymes otherwise containing only one active site, increase the 
competitiveness of enzymes over heterogeneous catalytic 
materials containing a high number of functional groups, and 
open application ranges with consequent reductions in 
production costs of other multiple enzymes. Moreover, adding 
new active sites to an enzyme whose original/native one cannot 
well be implemented for a particular application, but its overall 
structure has the appropriate technical requirements (scalability 
and robustness), may open new opportunities for a given 
enzyme. Such opportunities can be further explored through 
rational design and directed evolution focusing on residues 
around the new active site. Further studies in that direction 
would lay the foundation for streamlined and reproducible 
approaches for designing enzymes with multiple active sites. It 
would also promote new advances in a mechanistic under-
standing of enzymatic principles and the evolution of catalytic 
environments, particularly for revealing why certain areas in 
protein macromolecules are favored over others for incorporat-
ing active sites. 
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DISCUSSION
This Thesis is aware that the enzymes that are commercially available are limited and not tailored to
convert industrially relevant molecules under commonly used conditions in industrial processes. Exploring
naturally occurring enzymes that have evolved to convert molecules of relevance is thus of high interest.
We anticipated that, in order to identify and improve the value of new enzymes for industry, one needs
to comprehensively compare their properties to find biocatalytic patterns that allow predicting those in
databases. For that, it is important to cover an extensive enzyme diversity, so that this feature to be
investigated and characterized is not dominated by a particular type of protein or highly similar clusters
but consists of diverse non-redundant sequences assigned to multiple folds and sub-families, which are
distantly related to known homologs in many cases, and originated from as much geographically distinct
sites and microbial taxa as possible. This Thesis is also aware that in order to identify enzymes with
properties of promiscuity, specificity, selectivity, and stability superior to those of the best commercial
prototypes, one needs to extend the analysis to a broad range of conditions and substrates, including
those of industrial importance. Also, applying different immobilization and engineering methods to the
newly discovered enzymes is an effective strategy to help improving further their catalytic performance
and stability or to give rise to new natural or non-natural reactions or specificities. By doing so, one can
find and design enzymatic preparations attractive for industry in the end.
Following on from this, the industrial growing requirements in sustainable chemistry drive the search of
new biocatalysts capable of performing a large variety of conversions. For this reason, in this Thesis, we
first focused on enzymatic substrate promiscuity, which characterizes the range of substrates that react
with a biocatalyst (Figure 15).
Figure 15. Schematic representation of the capacity of enzymes to convert and produce different chemicals while
catalyzing the same reaction.
Deciphering a substrate promiscuous enzyme, however, requires a huge amount of experimental tests
and it is really difficult to obtain in an accurate way. For this reason, we have contributed to creating one
of the largest enzyme collections worldwide in a single laboratory and tested it with a broad range of
substrates. By using a screening tree concept (Figure 16), the enzymes are pre-selected on the basis of
their activity with few commonly used or industrially not-relevant substrates (i.e., 1-naphthyl acetate and
glyceryl tributyrate in case of ester-hydrolases, and benzaldehyde and 2-(4-nitrophenyl)ethan-1-amine
and o-xylylendiamine in case of transaminases); in some cases, new and sensitive methods have been
adapted (Reyes-Duarte et al., 2018; Rodrigues, Sanches, & de Carvalho, 2019). Once the activity is
confirmed, each enzyme is subjected to an extensive substrate fingerprint to evaluate the presence of
promiscuous phenotypes. In this Thesis, we tested a broad range of substrates, which accounted at least
132 chemically and structurally diverse compounds (at least 96 used to screen ester-hydrolases and at






                  
                
                  
         
                
                 
                
            
                
              
  
             
                 
               
         
           
                
                
               
  
             
                   
                
                 
                
                   
              
Figure 16. Scheme of the screening tree concept for searching substrate promiscuous enzymes. A high number of
enzyme candidates is reduced to a small group of promiscuous ones through a pre-screening with common
substrates and a further extensive screening with a diverse substrate library. For a detailed view of the chemical
structure of substrates see Figure 18 and Figure 19.
Based on the pipeline summarized in Figure 16, this Thesis has accumulated a number of quantifiable
outcomes, that are detailed below. First, the creation of one of the largest collections of enzymes available
to date in a single laboratory, most covering activities with primary use in bio-catalysis and industrial
processes, namely, ester-hydrolases and class III ω-TAs. From this collection, extensive bio-catalytic,
structural and computational information has been generated on the basis of which we have found a
number of enzyme targets capable of manufacturing bio-based commodities to an extent higher than
commercial products.
The number of identified genes encoding enzymes of interest, ester-hydrolases and transaminases, at
the end of the Thesis accounts 155, from which 145 were ester-hydrolases and 10 class III ω-TAs,
selected for comparative purposes and with validated activities. A sub-set of 20 derived from genome
mining search (Pseudomonas oleovorans, Staphylococcus epidermis, Geobacillus sp., Alcanivorax
borkumensis, Oleiphilus messiensis), and 135 from metagenome mining search from microbial
communities of at least 28 environmental different sites; 110 of the latter were identified by naïve
screenings in clone libraries and 25 after in silico mining from sequences derived from metagenomes. A
schematic representation of the number of sequences found by each screening method is shown in
Figure 17.
The 155-Enzyme Collection consists on highly diverse non-redundant sequences assigned to multiple folds
and sub-families (at least 8 in case of the ester-hydrolases, and 1 in case of the transaminases), which are
from 29.1 to 99.9% identical to known homologs in databases. The average pairwise amino acid sequence
identity among all sequences of each of the two classes investigated range from 0.2 to 99.7%, indicating
the high diversity covered. The 155-Enzyme Collection was also shown to be highly diverse and unique
from a taxonomic point of view as it was originated from at least 50 known bacterial and archaeal genera.






                  
                 
                  
              
     
              
               
               
         
                
             
               
 
             
           
              
               
                 
                   
           
                 
     
                
               
              
              
         
 
Figure 17. Map illustrating sites from where Thesis´s enzymes have been recovered with a classification graph of the
number of sequences found by each screening method and source. The 28 different environmental sites from which
the 155 enzymes were characterized are shown together with the 242 TARA Oceans samples from 5 oceanic regions
from which presumptive promiscuous ester-hydrolases were selected by in silico search as described in
Supplementary Information of Chapter 1.
At least 11 different types of vectors (pET-46 Ek/LIC, p15Tv-L, pBXCH, pBXNH3, pBXNHS, pCDFDuet, pCR-
XL-TOPO, pET21a, pET22b, pVLT31 and pRhokHi-2) and 5 different host that included different strains of
the bacteria Escherichia coli (strains BL22, BL21(DE3), MC1061, Top10 and DH5α) were used through this
Thesis to clone, express and produce all 155 enzymes.
All 155 genes encoding enzymes of interest have been successfully cloned and expressed in soluble and
functional form. Small scale fermentation tests were undertaken to find optimal conditions for
expression. Also, all enzymes were purified by 6xHis affinity tag at >98% purity and extensively
characterized.
Enzymes have been purified mostly by immobilized metal affinity chromatography and characterized by
multiple methods that include colorimetric methods, chromatographic methods, mass spectrometry and
crystallographic methods. A broad range of at least 132 chemically and structurally diverse compounds
(including some of industrial interest), and operational conditions that included pH from 4.0 to 10.0,
temperatures from 4 to 70°C and the presence of at least 10 different solvents of industrial relevance
(from 0 to 90% v/v) have been considered in the tests. Figure 18 and Figure 19 exemplified the chemical
structure of substrates used for substrate profiling of ester-hydrolases and transaminases.
A set of 25 enzymes has been selected for potential application purposes based on their activity and
stability compared to commercial products.
The selected enzymes include 10 amine transaminases of the class III ω-TAs capable of accepting best
large and aromatic ketones, aldehydes and amines (see Chapter 3), and 15 ester-hydrolases (see Chapter
1) with a substrate range above those of commercial products (i.e. CalA and CalB).
Two crystal structures of ester-hydrolases have been solved and homology models were created from







               




               
           
                
             
       
               
              
        
                
              
               
Figure 18. Chemical structure of representative esters used for profiling the substrate specificity of ester-hydrolases.
For extensive description see Chapter 1.




































































Figure 19. Chemical structure of representative ketones, aldehydes and amines used for profiling the substrate
specificity of class III ω-TAs. For extensive description see Chapter 3.
The structures and models have been obtained with a double aim. First, to help understanding enzyme
properties of promiscuity and selectivity. Second, to help applying computational and rational engineering
tools to generate mutants with improved properties.
A set of 4 different immobilized preparations, from the top-selected ester-hydrolase based on its broad
substrate specificity, was prepared (using at least 3 different techniques) and evaluated for small-scale
biocatalysis tests, including 6 pairs of chiral esters.
In detail, target enzymes have been immobilized in three different supports, including inside the pores of
amino-functionalized ordered mesoporous material with two different pore sizes, and on the surface of





                 
            
  
                
          
                    
                 
                 
                 
   
               
              
 
 
               
 
               
           
            
              
     
it is possible to create from a single enzyme different stereo-specific biocatalysts for a variety of chiral
compounds, depending on the immobilization technique applied and the flexibility constraints associated
with those.
Finally, at least 4 engineered mutants of an ester-hydrolase have been designed, that represent the first
examples of a PluriZyme, an enzyme with two active sites.
In detail, we have shown that it is possible to add a second hydrolytic active site to an ester-hydrolase and
that through this it is possible to intensify the bio-catalytic properties of the original enzyme. In the
particular case of the ester-hydrolase used as a model, we found it could potentially increase the substrate
range because of the synergetic effect of both the native and artificial sites, but also potentially introduce
stereo-specificity (%e.e. >99.9%).
All the above information provided quantifiable outcomes of this Thesis. Figure 20 summarizes the work
pipeline used to generate such outcomes, including the enzymes, structures, 3D models, mutants and
products.
Figure 20. Methodological workflow applied in this Thesis and the quantifiable outcomes obtained within the
pipeline.
Aside from the above quantifiable outcomes, a number of major outcomes obtained after integration of
generated multi-data are worth mentioning, which are detailed and discussed below.
First, and most important, concerning the understanding of mechanisms underlying promiscuity and
selectivity, we have found those mechanisms for two important classes of enzymes in industry: ester-





                 
               
              
               
             
              
            
            
      
 
                
                  
         
             
                  
               
                   
                   
                
                 
                  
                  
                
                 
              
                   
                
             
               
                
More in detail, we found for the first time a structural parameter that helps classifying promiscuity level
of ester-hydrolases from sequence data at 94% accuracy. This parameter, the active site effective volume,
exemplifies the topology of the catalytic environment by measuring the active site cavity volume
corrected by the relative solvent accessible surface area (SASA) of the catalytic triad; sequences encoding
serine ester-hydrolases with active site effective volume (cavity volume/SASA) above a threshold show
greater substrate spectra. Thus, based on the determination and utilization of this predictive marker,
easily calculable from sequence data, anyone can fast-track the identification of industrially
versatile/promiscuous ester-hydrolases without the need of tedious cloning and expression; just the
sequence information is enough (Figure 21).
Figure 21. Pipeline to select sequences encoding ester-hydrolases with high cavity volume (shown as surface) and
low SASA or exposure of the catalytic triad (shown as sticks) through databases. The ratio among those parameters
determines, with high probability, the level of substrate promiscuity.
Whether the predictive marker for “substrate promiscuity” in ester-hydrolases can or cannnot be
extrapolated to other enzyme families is yet to be established, but the demonstration in Chapter 1 that it
could be extended to other enzyme classes, such as phosphatases of the haloacid dehalogenase (HAD)
superfamily of hydrolases, suggests it is a possibility, at least, in hydrolases. In the case of class III ω-TAs,
we found it was not the case. This was shown by characterizing a number of the aforesaid enzymes and
by examining the molecular basis of substrate promiscuity. We found that the effective volume was not
associated with the possibility of class III ω-TAs to convert more or less substrates, including bulky ones.
Rather, we deciphered for the first time the reasons why the class III ω-TAs are capable of converting
bulky substrates as well as (R)-amines, a desired feature from an industrial point of view. In detail, we
demonstrated that the preference for bulky ketones was associated with the presence of a hairpin region
proximal to the conserved flipping arginine (Arg) and residues close to it. The outward orientation of this
Arg additionally favored the conversion of (R)-amines. Thus, just by checking a sequence presumptively
encoding a class III ω-TAs for the presence of a hairpin region proximal to the conserved Arg, and by
checking a homology model for the orientation of this conserved residue, anyone can speed up the
identification of industrially promiscuous class III ω-TAs capable of converting bulky ketones, aldehydes
and (R)-amines, without the need of time-consuming cloning and expression; just the sequence or model





                 
            
 
                  
   
            
              
                  
                 
             
                 
              
      
               
                
                 
                  
                 
                    
              
             
           
               
              
                 
              
                
                   
                  
sequence information the possibility that it encodes a class III ω-TAs being capable of converting or not
bulky substrates and (R)-amines, an uncommon feature among this class of enzymes.
Figure 22. Pipeline to select in databases sequences encoding class III ω-TAs with high probability to convert bulky
substrates and (R)-amines.
Together, the integration of bio-catalytic data, in combination with bioinformatic and computational
tools, may help understanding by just using sequence or homology model information whether an ester-
hydrolase does have a broad substrate specificity or not and whether a class III ω-TAs could convert bulky
substrates and chiral amines. Having said that, while in the case of transaminases we could identify the
molecular basis of substrate promiscuity, capacity to convert bulky substrates and enantio-selectivity, this
was not the case of the ester-hydrolases, for which only a marker of promiscuity level could be
unambiguously obtained. No marker of enantio-selectivity could be identified, and thus this property may
vary from case to case.
The results presented demonstrate that the level of substrate promiscuity can be inferred from sequence
and/or structure information. A step further will be to specifically determine which amino acids play a
role in tuning the specificity during evolution. This will help us understand the loss or acquisition of
capabilities to convert a specific set of substrates based on the loss or acquisition of specific amino acids;
their identification may, in turn, also help to predict substrate specificities. In this direction, in the frame
of a short stay at the laboratory of professor Olivier Lichtarge in the Baylor College of Medicine, we have
explored the possibility of predicting the substrate specificity of ester-hydrolases and the amino acids
implicated on it through the application of a software program called Evolutionary Trace
(http://lichtargelab.org/software/ETserver). This software can score the amino acids of a protein
attending at its conservation through an alignment of homolog sequences. Starting from this, we selected,
among all sequences encoding ester-hydrolases, those belonging to family IV from Arpigny & Jaeger
(1999). The reason was that we found, as described in Chapter 1, that this family contains the ester-
hydrolases with broader substrate spectra. We performed an Evolutionary Trace. Finally, we merged the
score ranking of amino acids with the substrate profile, grouping the substrates by chemical nature. We
found a region from the cavity entrance of most Family IV members that, according to the trace, has some





                 
                  
             
                  
                 
                    
              
       
 
                  
              
            
          
               
               
                  
           
       
        
        
       
          
                
              
 
                
        
              
                 
                 
region position at the cavity entrance and the residues selected is shown in Figure 23. Currently, this
region is being explored more in detail in order to clarify its implication in the evolution of substrate
specificity within Family IV ester-hydrolases. Having said that, we should stress that investigating
substrate specificity and reaction rates is no easy task, as we know that multiple local and global factors
affect the capacity of an enzyme to convert a molecule. Also, it has been demonstrated that the
conversion rate for a substrate does not only depend on its positioning in the active site but also on the
reorganization of the electric fields (Welborn, Ruiz Pestana, & Head-Gordon, 2018). Thus, multiple factors
need to be considered in the future.
Figure 23. Scheme of EH1 serine ester-hydrolase (PDB 5JD4) with catalytic triad shown as dark blue sticks and
putative substrate specificity modulator region shown in red in touch with catalytic cavity surface.
Second, this Thesis generates information suggesting that particular groups of microbes and
environments may be potentially enriched in promiscuous ester-hydrolases and transaminases.
The possibility to associate each of the 155 enzymes recovered and investigated to different taxonomic
groups helped us to evaluate whether or not certain microbes do contain enzymes more promiscuous
than others. The data presented in Chapters 1 and 3 suggest that this is plausible. Indeed, the results
presented in this Thesis suggest that microbes associated to Archaeglobus, Methanomicrobiales,
Staphylococcus, Geobacillus, Bacillus, Hloplasma, Symbiobacterium, Ruminoccaceae, Acidimicrobium,
Ferrimicrobium, Adicitrix, Thermus, Serratia, Halioglobus, Idiomarina, Alteromonas, Alcanivorax,
Oleiphilus, Marinobacter, Pseudomonas, Azotobacter, Cycloclasticus, Thiotrix, Variovorax, Cupriavidus,
Ralstonia, Burkholderia, Immunidisolibacter, Nitrobacter, Hyphomonas, Rhizobium, Mesorhizobium,
Rhodobacterae, Sphingomonas, Aciphilum, Azospirilum, Amphritea and Acidihalobacter are containers of
promiscuous enzymes to an extent higher than others. This was shown by finding that enzymes associated
with these taxonomic groups have a broader substrate specificity than enzymes associated with other
microbes.
Third, this Thesis was able to provide an estimation of the percentage of promiscuous enzymes in
genomes and metagenomes and its relation to stereo-selectivity/specificity.
In particular, the presented data revealed that the probability of finding a “substrate promiscuous” ester-
hydrolase (able to convert more than 50% of all tested chemicals, 96 in cases of ester-hydrolases) in meta-





              
               
               
                   
               
              
                
               
              
                
                 
          
 
              
               
                 
                  
                
                 
                 
              
   
 
                  
              
           
       
 
               
            
  
              
                
               
              
               
               
                
              
         
              
a high-to-prominent promiscuity level. We also found: 1) the probability of finding ester-hydrolases with
broad active site environment to accommodate very large aromatic substrates is relatively high (up to
48%); 2) no correlation exists between “substrate promiscuity level” and the “activity level”, so that
enzymes with a large active site capable of accepting a large number of esters may not be necessarily the
most active ones; and 3) although 23% of all ester-hydrolases do show prominent enantio-preference, we
found that ester-hydrolases with prominent promiscuity are not enantio-selective. This last issue is of
critical relevance as industry is interested in finding promiscuous enzymes that can be applied in multiple
conversions, but the fact that those enzymes cannot be used in enantio-selective conversion limit their
applicability. For this reason, enzyme engineering is expected to be needed to improve stereo-specificity
in promiscuous ester-hydrolases. This was not the case of transaminases, as we found some of them
capable of converting a large number of substrates while at the same time being (S)-specific. However, it
is to note that none of the transaminases were (R)-specific.
Fourth, this Thesis has also delivered a number of microbial ester-hydrolases and transaminases that
may compete with the best commercial preparations in terms of substrate spectra and selectivity.
Although it is difficult to predict a priori whether a new enzyme could replace the best commercial
prototypes, it is at least possible to evaluate whether some of their properties are superior or not. Here,
through comparing the substrate spectra with a small set of best commercial preparations, we were able
to identify a set of enzymes with relevant properties. Among the 25 selected candidates (see above), we
should point at least 3 ester-hydrolases with the capacity to convert a higher number of substrates, and
1 transaminase with broad substrate profile and a different selectivity compared to previously known
similar enzymes.
The idea was to start with the ester-hydrolase with proven top “substrate promiscuity” and use this as a
lead scaffold to engineer selectivity or increase substrate performance towards the desired reaction by
applying two different and complementary engineering strategies, one being supramolecular engineering
through immobilization, and one rational protein engineering.
Fifth, in relation to the protein engineering effort, this Thesis contributes to generating the Plurizyme
concept: developing enzymes with additional (artificial) active sites with potentially improved catalytic
properties.
In detail, this Thesis significantly challenges enzyme engineering by introducing, in a natural serine ester-
hydrolase, a second hydrolytic active site. The original idea was to use the most “substrate promiscuous”
but non enantio-specific ester-hydrolase as a lead scaffold to evaluate the possibility to increase its
catalytic activity and enantio-selectivity by introducing an extra active site. Briefly, using the PELE
software, a potential binding pocket was identified and successfully turned into a catalytic site by
introducing a few mutations as shown in Figure 24. Although the expected increase in catalytic
performance could not be obtained, the first enzyme with two separate (and active) catalytic sites was
designed. This successful example may open multiple opportunities in relation to introducing in a
natural/native enzyme different substrate specificities or selectivities, complementary biochemistry,






                 
              
     
              
                
    
               
               
              
               
             
               
                 
                 
                
          
                   
        
         
               
               
                  
        
Figure 24. Schematic representation of workflow for creating a PluriZyme. First, using PELE a potentian place is
identified locating a selected substrate. Second, by introducing appropriated mutations, this binding site is
transformed into a catalytic site.
Sixth, this Thesis delves into the concept of Supramolecular Enzyme Engineering, which refers to
changing enzyme properties by establishing a set of interactions at the surface of the enzyme through
different immobilization strategies.
In detail, the original idea was to use the most “substrate promiscuous” but non “enantio-specific” ester-
hydrolase as a lead scaffold to evaluate the possibility of increasing its enantio-selectivity through its
immobilization by different techniques. We demonstrated that by immobilizing an enzyme in the interior
of a mesoporous material or on a surface of micro-particles, one can differentially tune substrate
selectivity and endow the enzyme with enantio-selective properties. Although this was expected, the
most interesting outcome was that when the enzyme is immobilized inside pores with dimensions close
to that of the enzyme, then it becomes enantio-specific. This did not happen when the pore dimension
was significantly higher than that of the enzyme, and thus it has more movement freedom. Similarly, even
when the enzyme was immobilized on a surface, the manner through which the enzyme was linked
influenced in different ways the substrate specificity and enantio-specificity.
The results of the immobilization tests are of interest in the way that in this Thesis we found that
promiscuous ester-hydrolases are not enantio-specific. However, by immobilization-based
supramolecular enzyme engineering, promiscuous ester-hydrolases can be converted into enantio-
specific ones, while still retaining a broad substrate spectrum. We anticipate that the flexibility constraints
driven by the immobilization influence the differential access to the active site and positioning of
substrates in it, thus promoting in different manner the specificity and selectivity. A scheme of the loss of






                  
                
                
               
             
                   
               
           












Figure 25. Schematic representation of the loss of flexibility of the structure of EH1 serine ester-hydrolase (PDB 5JD4)
scaffold through immobilization inside a mesoporous material with a pore size close to enzyme size.
To sum up, through providing a large bio-catalytic dataset for an ample set of ester-hydrolases and
transaminases, this Thesis has provided a sub-set of those with properties superior to best commercial
prototypes, background knowledge that may open new research avenues for deepening into enzyme
properties and their prediction, to get more out of the sequence space in regards of being able to predict
whether a sequence will most likely encode an enzyme with broad substrate spectra, and finally
background knowledge that help engineering biocatalysts with improved properties, particularly, being







              
            
                 
              
            
 
             
           
          
    
             
               
               
               
 
               
               
 
              
              
      














1. Genomic and metagenomic techniques are a powerful tool to access the high Nature’s
biodiversity to find novel enzymes with catalytic properties suitable for industrial processes.
2. This Thesis has contributed to the creation of one of the largest collection of highly diverse ester-
hydrolases and class III ω-transaminases, 155 in total, for which biocatalytic data have been
obtained by applying high-throughput assays with about 132 chemically and structurally diverse
substrates.
3. Ester-hydrolases and class III ω-transaminases with broad substrate range and capable of
converting large and recalcitrant substrates are more abundant than previously thought.
4. Promiscuous ester-hydrolases are not enantio-specific, but promiscuous class III ω-
transaminases can be enantio-specific.
5. Enzyme properties such as level of substrate promiscuity and enantio-specificity could be
inferred through the analysis of a sequence. In the particular case of ester-hydrolases this can
be done by calculating the effective volume, and in case of class III ω-transaminases by
evaluating the presence of a hairpin region close to a conserved Arginine residue and its
orientation.
6. By differentially influencing the flexibility or rigidity constraints of an enzyme structure one can
modify a la carte the stereo-specificity and substrate spectra to an extent higher than previously
thought.
7. The possibility to create ester-hydrolases with more than one active site is feasible.
8. Native enzymes with properties superior to those of commercial prototypes can still be







             
             
       
                 
                
             
     
              
           
           
    
               
             
               
                 
          
              
             
 
           
            





1. Las técnicas genómicas y metagenómicas son una herramienta poderosa que nos permite
acceder a la gran biodiversidad presente en la naturaleza para encontrar enzimas con
propiedades catalíticas apropiadas para los procesos industriales.
2. Esta Tesis ha contribuido a la creación de una de las colecciones más grandes de éster-hidrolasas
y ω-transaminasas de la clase III ampliamente diversas, 155 en total, para las cuales se han
obtenido datos biocatalíticos mediante la aplicación de ensayos masivos con alrededor de 132
sustratos química y estructuralmente distintos.
3. Las éster-hidrolasas y ω-transaminasas de clase III capaces de convertir sustratos voluminosos y
recalcitrantes son más abundantes de lo que se pensaba hasta ahora.
4. Las éster-hidrolasas promiscuas no son enantio-específicas, pero las transaminasas promiscuas
sí pueden ser enantio-específicas.
5. Las propiedades enzimáticas como el nivel de promiscuidad de sustrato y la especificidad y
enantio-selectividad pueden ser inferidas mediante el análisis de secuencia. En el caso particular
de las éster-hidrolasas esto puede ser realizado mediante el cálculo del volumen efectivo, y en
el caso de las ω-transaminasas de la clase III mediante la presencia de una región horquilla cerca
de una Arginina conservada y la orientación de esta última.
6. Modificando las restricciones de flexibilidad de una estructura enzimática se puede modificar a
la carta la estéreo-especificidad y el perfil de sustratos aceptados hasta niveles antes
desconocidos.
7. Es posible crear éster-hidrolasas con más de un centro activo.
8. Enzimas naturales con propiedades superiores a las de prototipos comercialmente disponibles
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